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ABSTRACT 
Restoring and maintaining the ecological resilience of seagrass ecosystems will be a major 
challenge of the 21st century. The decline of seagrasses worldwide is attributed to the erosion 
or elimination of their ecological resilience driven by human impacts, extreme climate events 
and climate change. Ecological resilience refers to the ability of ecosystems to resist or recover 
from disturbances whilst maintaining their integral structure and function. Seagrass resilience 
is influenced by life history, meadow form (transitory or enduring) and habitat type. The 
purpose of this honours project was to investigate the influence of extreme climate events and 
meadow form on a seagrass species located in temperate Western Australia. 
Extreme climate events typically precede extensive seagrass decline with recovery times of ≥ 
2 years and in extreme cases, no recovery at all. The first part of this study investigated the 
response of the dominant seagrass Halophila ovalis to an extreme rainfall event which 
produced flooding in the Swan-Canning Estuary, Western Australia in early summer of 2017. 
This event resulted in rapid changes in salinity, light and nutrient delivery causing seagrass 
decline and adverse impacts to estuarine condition. Utilising an approach developed for marine 
heat waves, we defined this extreme event as the period during which salinity differed from 
background conditions by ≥ 5% and quantified metrics relating to the duration and intensity of 
the flood. Plant traits that reflected resistance (e.g. cover and biomass) and recovery (e.g. 
growth potential and seed bank density) were measured at six sites along the estuarine gradient, 
before, during and after the ECE. The purpose of this was to test the following hypotheses: 1) 
that the intensity and duration of the flood event would influence the patterns of resistance and 
recovery and 2) upstream meadows that are more frequently exposed to freshwater would be 
more resistant and recover faster from heavy rainfall events.  
Site and temporal variation was significant (p < 0.05). Widespread defoliation was evident 
within one month at upstream meadows where the event persisted for 88 days with salinity 
declines of 20 PSU. At downstream meadows, the event duration was shorter (79 days) and 
changes in salinity were less severe (±15 PSU). Despite experiencing lower physical impact, 
biomass at downstream sites declined by 72% (±15SE) within two months compared to 24-
57% (±14SE) at upstream sites. The period of resistance was similar across sites with 
significant declines in plant traits evident within one to two months. In contrast, the recovery 
time for plant traits to return to pre-flood levels varied between sites, with longer times at 
downstream sites. Biomass and leaf density returned to pre-flood levels (p > 0.05) over five to 
nine months at the upstream meadows but not at the downstream sites during the period of this 
honours project. Consistently higher seed bank densities at the downstream meadows did not 
appear to accelerate the recovery process. Acclimation to freshwater exposure may explain the 
greater resilience of upstream meadows compared to downstream meadows.  
The concept of meadow form proposes that management strategies be tailored according to 
whether seagrass meadows are enduring, and more effective at resistance, or transitory and 
more dependent on recovery. To test this, meadows were classified as enduring or transitory 
and the same plant traits linked to the resistance and recovery processes used in part one of the 
study were compared to test an additional hypothesis: that meadow form would influence 
resilience and specifically that resistance traits would be greater in enduring meadows whilst 
recovery traits would be higher in transitory meadows. The results did not support this 
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hypothesis, however, this was based on a limited sample size due to the occurrence of the flood 
which prevented further sampling for this aspect of the study. Amid ongoing seagrass decline, 
opportunities remain to improve our current management strategies and this concept should be 
explored in future work. 
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1. INTRODUCTION 
 
The intensity and frequency of extreme climatic events (ECEs) is increasing 
The highly functional and resilient ecosystems were a product of disturbance regimes 
associated with a historically stable climate and prior to the expansion of the human population 
over the last 1000 years (Jackson 2010). These ecosystems were able to persist with fewer 
impacts associated with the urbanisation and expansion of the middle-class (Seto et al. 2011) 
which has subsequently led to major environmental issues including eutrophication 
(Burkholder et al. 2007), climate change (Rosenzweig et al. 2001) and biodiversity loss 
(Cardinale et al. 2012). The current climate is much more unstable and increases in the intensity 
and frequency of extreme climatic events (ECEs) are predicted (Coumou & Rahmstorf 2012). 
ECEs could potentially become more important in determining ecosystem resilience given their 
potential to completely remove the features that enable the ecosystem to resist and recover 
(Fraser et al. 2014) whilst the combined effects of human impacts and climate erode these 
features more gradually (Unsworth et al. 2015). Consequently, ecosystems become degraded 
and their ability to provide ecosystem goods and services is impeded. This has, and will 
continue to have, catastrophic consequences for the livelihoods of the estimated 1.3 billion 
people who inhabit coastal areas (Lotze et al. 2006, Sale et al. 2014). Predicting ecosystem 
scale responses to ECEs is thus essential to inform preventative action and will be derived from 
understanding responses of vegetative species that are integral to ecosystem structure and 
function (Royer et al. 2011). This understanding should be supported by the use of measures 
to quantify the intensity, duration and frequency of ECEs to enable comparisons with future 
events and to identify affected areas (Alvarez-Romero et al. 2013, Hobday et al. 2016). 
 
Seagrasses: sensitive to human pressures and indicators of ecosystem condition 
Seagrasses are critical marine resources which provide significant ecosystem services. The 
long-term sequestration of carbon by seagrasses contributes to mitigating the effects of global 
warming by reducing carbon dioxide emissions and maintain carbon capture (Macreadie et al. 
2014). As ecosystem engineers, seagrasses cycle nutrients (Viaroli et al. 2008), reduce coastal 
erosion (Christianen et al. 2013) and increase the biodiversity of marine ecosystems by 
providing nutrients and habitat for many species (Orth et al. 2006). Despite their value, an 
estimated 30% of seagrasses have been lost and declined at a rate of 7% year-1 since 1990 
(Waycott et al. 2009) due to the cumulative impacts of anthropogenic activities. Seagrasses 
also have unique properties that can be used to inform the management of these issues and 
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directly/ indirectly provide solutions. For example, the leaf nitrogen to leaf mass ratio in 
Zostera marina  L. provides an early indication of eutrophication (Lee et al. 2004). This type 
of information is essential to help make decisions to maintain the health of our water resources 
which are under intense pressure from pollution and competing demands amid a growing 
population (Vorosmarty et al. 2010).  
Resilience in environmental management 
Increasingly, environmental management is shifting to more explicitly reflect resilience as the 
basis for sustainability (Chapin et al. 2010). Ecosystem response to disturbances has been 
characterised using alternative stable state theory in which these systems can exist under many 
stable states over ecologically-relevant timescales and as a consequence of resilience (Beisner 
et al. 2003). Ecological resilience encompasses both resistance and recovery. Resistance relates 
to the capacity of an ecosystem to absorb and/or adapt to the impacts of a disturbance, and 
recover from any loss or degradation, without undergoing any substantial changes to its 
inherent structure and function (Holling 1973). The synergistic effects of local and global 
anthropogenic stressors have eroded the resilience features of many seagrass ecosystems. As a 
result, these ecosystems become increasingly susceptible to regime shifts with marked changes 
to its previous characteristics and reductions in their ability to provide ecosystem goods and 
services (Robblee et al. 1991). 
Regime shifts within seagrass communities are difficult to reverse and have cascading effects 
including declines in productivity, loss of habitat heterogeneity and impacts on food chain 
dynamics (Lotze et al. 2006, Viaroli et al. 2008). For example, the loss of large species such as 
Thalassia hemprichii or Zostera marina is followed by the proliferation of ruderal Halophila 
spp. and in extreme cases, a climax community dominated by algae and oxygen depleted 
sediments with subsequent declines in biodiversity (Figure 1) (Johnson et al. 2003, Viaroli et 
al. 2008). Eutrophication in Chesapeake Bay, the largest estuary in the US, resulted in large-
scale losses of benthic vegetative buffers, a primary component of its resilience, and 
compromised its ability to resist or recover from Tropical Storm Agnes in 1972 (Kemp et al. 
2005). The damage impacted the seed banks, inhibiting the natural recovery response of 
meadows. Restoration projects have been implemented to facilitate recovery using different 
techniques including mechanical harvesting, transplanting and hand-broadcasting of seeds 
from boats (Marion & Orth 2008, Orth et al. 2009). These efforts have varying levels of 
success, are often resource intensive and could be avoided if ecosystems are managed in such 
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a way that promotes the features integral to the ecosystem’s ‘self-repairing’ capacity (Unsworth 
et al. 2015).  
 
Figure 1. Conceptual diagram of regime shift in seagrass communities adapted from Fig. 1 
Unsworth et. al (2015).  
Measuring and predicting resilience in seagrass ecosystems 
It is well known that seagrass ecosystems are impacted by a number of stressors including 
ECEs (Collier & Waycott 2014), climate change (Rasheed et al. 2014) and anthropogenic 
impacts (Connell et al. 2017). This emphasizes the importance of understanding the capacity 
of seagrass ecosystems to resist or recover from disturbances and to incorporate resilience into 
management (O'Brien et al. 2017). Recently a number of frameworks have been developed to 
guide resilience concepts in the management of seagrass habitats, as well as to communicate it 
in a meaningful way to the public and resource managers (Kilminster et al. 2015a, Unsworth 
et al. 2015). These frameworks recommend considering the life-history strategy of the seagrass 
species present, the meadow type and habitat types to aid in decisions to protect these 
ecosystems. Seagrass bio-indicators have been developed but are usually restricted to reflect 
responses to particular disturbances e.g. light reduction (McMahon et al. 2013). However, there 
is no consensus on exactly what to measure to assess and predict resilience. 
Mechanisms of resistance are critical to the resilience of large persistent seagrasses and useful 
indicators of changes in resistance include total biomass and rhizome diameter (O'Brien et al. 
2017). When distributed in stable offshore environments, species such as Enhalus acoroides, 
can reach high levels of total biomass (Short et al. 2007). Management should avoid substantial 
losses of these species are slow to recover (González-Correa et al. 2005). In the case of 
Posidonia genera, the inability to form seed banks means recovery is dependent on vegetative 
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growth and the arrival of seeds from nearby meadows (Kendrick et al. 2012). The resilience of 
colonising species is more evident in their capacity to recover which is an effective strategy for 
the dynamic environments that these species typically inhabit e.g. estuaries (Kilminster et al. 
2015b). Due to its small size which limits its carbohydrate reserve, Halophila ovalis (R. Br) 
Hook f. is particularly sensitive to light deprivation (Longstaff & Dennison 1999) though it can 
recolonise an area quickly due to the presence of dormant seed banks and via rapid growth 
(Rasheed 2004). Consequently, some of the key indicators for monitoring should relate to 
recovery and include seed bank density (Jarvis et al. 2015) and horizontal rhizome growth 
(Rasheed 2004).  
Temporal fluctuations in the presence, cover and biomass of meadows should also be 
considered when predicting resilience especially in the case of multi-species meadows where 
resistance and recovery times are likely to differ (Rollon et al. 1998). Meadows are classified 
as enduring if they persist in an area over time with some temporal variability whilst transitory 
meadows are intermittently present (Kilminster et al. 2015b). Where complete meadow 
removal follows ECEs (Preen et al. 1995), a previously enduring meadow may shift to 
transitory through the recovery process.  
Consideration must also be given to the type, intensity and duration of disturbance which will 
also determine resilience. The initial stages of a flood will be characterised by acute freshwater 
exposure which can induce mortality (Collier et al. 2014) whilst the longer term effects usually 
involve declines in water quality which may stimulate algal blooms reducing seagrass growth 
and reproductive success (Forbes & Kilminster 2014). Cymodocea nodosa was able to 
acclimate to gradual changes in salinity reflecting that the rate of onset of a disturbance is an 
important determinant of whether a species is able to resist or recover (Fernández-Torquemada 
& Sánchez-Lizaso 2011). Acclimation to poor water quality history has increased the capacity 
of meadows located in areas to resist low light conditions improving the likelihood of their 
survival (Maxwell 2014, Yaakub et al. 2014). 
In Australia, the majority of monitoring programs capture data related to resistance e.g. cover 
and biomass, thus in a resilience framework favour information on the persistence of enduring 
meadows. Information on recovery processes, another key aspect of resilience, is rarely 
measured (Kilminster et al. 2015b). Recovery mechanisms such as seed banks enable transitory 
meadows to persist, so monitoring these indicators is necessary to understand the recovery 
capacity of these meadows (Jarvis et al. 2015). Managing to promote the persistence of both 
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meadow types is critical to avoid the loss of the associated critical ecosystem services they 
provide including nutrient diversity for grazers and coastal protection (Christianen et al. 2013). 
ECEs, resilience and estuarine seagrasses 
Estuaries are inherently variable environments, strongly influenced by changes in salinity being 
located at the interface of freshwater and marine environments (Brearley et al. 2005). ECEs 
could further modify the physical and chemical characteristics, nutrient cycles and ecosystem 
function of estuaries (Wetz & Yoskowitz 2013). Extended periods of freshwater exposure 
following flooding can impact leaf density which facilitates recovery (Collier et al. 2014) as 
seagrasses are more adept at responding to short-term changes in salinity (Touchette 2007). 
Drought conditions produce more extreme and higher salinities in estuaries which can inhibit 
seagrass growth (Cardoso et al. 2008). Temperature increases associated with heat waves can 
facilitate the production of algal blooms which reduce light and seagrass growth (Atkins et al. 
2001). 
Estuaries are heavily impacted by the estimated 1.3 billion people that reside in these coastal 
areas and benefit from the resources these ecosystems provide (Sale et al. 2014). In addition, 
the long-term persistence of estuarine seagrass species is threatened by climate change which 
could significantly modify estuaries further (Gillanders et al. 2011). For example, more 
extreme salinity gradients may affect plant metabolism with more energy being required to 
maintain ionic balance (Touchette 2007). Where the preference range of salinity for species is 
exceeded, photosynthetic efficiency declines (Ralph 1998) and hypo-salinity in particular can 
induce mortality (Collier et al. 2014). Should the impacts from human activities and climate 
change create conditions in which existing seagrass communities are impacted and recovery is 
limited, then the likelihood of acute climatic events having potentially catastrophic 
consequences is greatly increased (Fraser et al. 2014).  
Aims of this study 
The present study investigates two different aspects of resilience of seagrass habitats in an 
estuarine system. The first part focuses on how ECEs affect seagrass resilience and is divided 
into two sections whilst the second part investigates how meadow form influence features of 
seagrass resilience.  
Aim 1A: To quantify an ECE in an estuarine system, the Swan-Canning Estuary, due to an 
unusual summer rainfall event in February, 2017, where seagrass is a dominant habitat.  
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Aim 1B: To determine how resilience, both resistance and recovery of the dominant seagrass, 
H. ovalis is affected by ECEs.  
The ECE was quantified using metrics developed from marine heat waves (MHWs) (Hobday 
et al. 2016). I hypothesized that the intensity, duration and exposure from the ECE would 
decline down the estuarine gradient, from upstream to downstream and that due to these 
variations there would be spatial and temporal variations in the resistance and recovery of the 
seagrass, H. ovalis. These seagrass responses could be directly related to the exposure to the 
flood or be influenced by the conditions that populations are acclimated to. If the responses 
were influenced by acclimation, I hypothesized that upstream populations, which are more 
regularly exposed to freshwater would be more resistant and recover faster from freshwater 
exposure associated with a flood.  
Aim 2: To investigate how meadow form (enduring versus transitory) affects plant traits linked 
to resilience. I predicted that characteristics related to resistance, such as cover and biomass, 
would be greater in enduring meadows whilst features of recovery, including seed bank density 
and growth potential, would be greater in transitory meadows.  
Managing ecosystems using evidence based methods that seek to promote their ecological 
resilience will have major benefits for our existing and future global population, providing a 
means to avoid the catastrophic social and economic losses associated with the ongoing decline 
of ecosystem goods and services (Baumgartner & Strunz 2014). This research will potentially 
identify less resilient seagrass meadows allowing appropriate action and/ or resources to be 
allocated more effectively to ensure their persistence and support the functioning of the estuary 
into the future.  
2. RESEARCH PLAN, METHODS & TECHNIQUES 
2.1 Study area 
 
The study was conducted in the Swan-Canning Estuary, hereafter the estuary, which is a 
shallow, permanently open system located in temperate south-western Australia extending for 
approximately 60 km (Figure 2). The Swan-Avon and Canning Rivers are the primary 
tributaries of the estuary though circulation is influenced by variability in water density as a 
consequence of the salinity differential between fresh and oceanic water (Thomson et al. 2001). 
The wet-dry cycle that characterises the estuary is due to Perth’s Mediterranean climate. 
Maximum river flows are generally associated with winter when the majority of rainfall occurs 
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(Brearley et al. 2005). During summer, rainfall is minimal and the estuary is slightly stratified 
with salinity varying along a gradient from 22 PSU downstream to >36 PSU closest to the 
ocean (Thomson et al. 2001). Stratification is pronounced during winter when rainfall occurs 
with distinct differences between the surface and bottom layers. A salt-wedge pushes into the 
upper reaches of the estuary following freshwater inflows towards the end of winter and both 
factors are key determinants of nutrient loads and distribution (Thomson et al. 2001). 
 
The majority of seagrass meadows in the estuary are subtidal and located in nearshore areas. 
H. ovalis is the dominant seagrass in the estuary and co-occurs with Ruppia megacarpa R. 
Mason, Z. muelleri Irmisch ex. Asch. and H. decipiens Ostenf. An estimated 30% of H. ovalis 
has already been lost in the estuary since the 1980s (Forbes & Kilminster 2014). Further losses 
could occur following ECEs highlighting the importance of ongoing research to inform 
preventative action. As an icon of Perth city, and with many people residing in the surrounding 
areas, the Western Australian community has invested in maintaining the health and quality of 
the estuary (Western Australian Marine Science Institute (WAMSI) 2009). Conserving 
seagrass meadows, as the major indicators of estuarine health, directly contributes to achieving 
this aim. Indirectly, highly valued faunal communities of black swans (Cygnus atratus) and 
internationally protected waders such as the red-necked stints (Calidris ruficollis) (Brearley et 
al. 2005) rely on seagrasses for nutrients.  
 
The Department of Water and Environmental Regulation (DWER) has been monitoring six 
seagrass populations in the estuary since 2011 providing information required to maintain and 
remediate estuarine health (Kilminster & Forbes 2014). Seagrass is regularly present at these 
sites in shallow (< 5m) subtidal areas which were used for this study and include: Canning 
(CAN), Heathcote (HTH), Pelican Point (PPT), Lucky Bay (LUB), Freshwater Bay (DLK) and 
Rocky Bay (RCK) (Figure 2). The influence of meadow form on seagrass resilience was also 
investigated and for this aspect of the study three of the DWER sites (PPT, HTH, CAN) and 
an additional site COODE (Figure 2) were used. The enduring sites were PPT and HTH and 
the transitory sites were CAN and COODE. Two subsites were selected within each of these 
locations and spaced approximately 400m apart. 
 
The seagrass sites spanned the range of abiotic conditions in the estuary (Forbes & Kilminster 
2014). The Upper estuary, where HTH, PPT and COODE are located (Figure 2), is more 
eutrophic being proximal to large sections of cleared land and is strongly influenced by fresh 
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water and river flow (Thomson et al. 2001). Marine conditions characterise the Lower estuary 
where RCK is located and is less eutrophic (Figure 2). In the winter period, salinity drops to 
fresh to brackish water (<3 PSU) in the upper reaches of the estuary and temperatures are cooler 
(Hodgkin 1998), though winter rainfall has been declining since the 1970s (Department of 
Parks and Wildlife (DPaW) 2007) so the estuary is becoming more marine dominated. As the 
winter river flows reduce, saline and warmer seawater from the Indian Ocean moves upstream 
into the estuary, increasing salinity up to >36 PSU during summer and autumn (December to 
April) in the Lower (RCK) and Middle (DLK, LUB) estuary.  
 
Figure 2. Seagrass and water quality sites regularly monitored by DWER and an additional 
seagrass site used in this study to further understand the ecological resilience of Halophila 
ovalis seagrass meadows in the Swan-Canning estuary. PPT- Pelican Point; HTH- Heathcote; 
CAN- Canning; LUB- Lucky Bay; DLK- Freshwater Bay; RCK- Rocky Bay; Coode- Coode 
Street Jetty.  
 
Halophila ovalis meadows have their major growth season during summer when marine 
salinities, high temperature and light conditions characterise the estuary (Hillman et al. 1995). 
Maximum flowering densities typically occur in December with fruiting density reaching its 
peak in January (Kilminster & Forbes 2014). Upstream meadows die back during winter and 
return over spring through to autumn when salinity increases. Seagrasses persist all year round 
in the middle estuary (DLK, LUB) as salinity is more consistent and closer to marine waters in 
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summer and autumn and becoming fresh in winter (Brearley et al. 2005). Marine conditions 
prevail downstream so meadows are persistent at the Rocky Bay site.  
 
The 2016/17 summer was the wettest on record for the Perth metropolitan area, where the 
estuary is located, with an average of 192.8 mm exceeding the 1954-55 record of 180.4mm 
(Bureau of Meterology 2017). The summer rainfall average over the climatological baseline 
period (1900-2016) is just 50.4mm for the southwest WA region though this may be increasing 
(Figure 3). The development of significant cloud bands following a tropical low in the north 
led to a major rainfall event on the 10th of February with a daily total of 114.4mm which is 
unmatched since 1992 (Bureau of Meterology 2017). This resulted in major flooding in the 
Avon catchment with the last comparable event, in terms of total discharge, occurring in 2000 
(Table 1). The occurrence of summer rainfall anomalies is random though relatively frequent 
(every ~1-10 years) (Department of Parks and Wildlife (DPaW) 2007).  
Table 1. Top ten years with highest total discharge (mL) during austral summer (Dec – Feb) 
in the Avon catchment, the major source of flow into the Swan-Canning estuary, between 
1981-2017  
 
1981 1982 1986 1990 1992 2000 2006 2009 2012 2017* 
121 548 336 4258 167 9599 1350 137 128 8899 
*Excludes December data 
 
 
Figure 3. Total summer rainfall in south Western Australia over climatological period (1900-
2016). Retrieved from Australian climate variability & change - Time series graphs 
(www.bom.gov.au).  
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Flooding in the summer of 2000 led to outbreaks of the toxic cyanobacterium Microcystis 
which reduces the quantity of light available to seagrass impacting their photosynthetic activity 
and growth (Kilminster & Forbes 2014). Information regarding the response of seagrasses to 
these events is critical to inform on estuarine condition following these events.  
2.2 AIM 1A: Quantifying an ECE in the Swan River estuary: flooding due to a 
heavy rainfall event in February 2017 
 
Salinity changes following extreme rainfall events are likely to vary over the estuarine gradient 
and be more extreme further upstream. I hypothesised that the intensity and duration of 
freshwater exposure during the flood event would influence patterns of resistance and recovery 
of H. ovalis seagrass meadows. The flood event was defined as an anomalous event when there 
was a greater than 5% difference between background and current salinities for 5 or more 
consecutive days (Hobday et al. 2016). An exposure metric and other descriptors of the flood 
were calculated to quantify the intensity and duration of the flood plume at each of the six 
seagrass sites. Measurements of seagrass resilience indicators were taken during summer 
(December-March) as part of the DWER’s ongoing monitoring program. Following the 
February flood, monthly sampling was extended (April-May, August, September). Sampling 
is continuing to capture the recovery processes through spring into summer, but due to the 
timeframe of this Honours project, the data analysis was constrained to September. 
 
Exposure metric 
To quantify the intensity and duration of the February flood, an exposure metric was calculated 
following the methods developed to characterise anomalous events such as marine heatwaves 
(Hobday et al. 2016). As this event was related to changes in salinity, salinity data was used to 
calculate the exposure metric that reflected the freshwater exposure of each of the six seagrass 
sites following the extreme summer rainfall event. The period over which the exposure metric 
was calculated (duration) was defined by the number of consecutive days for which the 
difference between current and background salinities was greater than 5% (Hobday et al 2016). 
The differences in daily (or weekly) salinities were calculated by subtracting the salinity 
recorded in 2017 from 2016 for the same day i.e. 36 PSU (12/3/16) – 28 PSU (12/3/17). The 
exposure metric was calculated by cumulating these differences in daily salinities from the start 
of the flood until current salinity values returned to within 5% of background salinity values.  
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A combination of data sources was required to calculate this metric, and where possible the 
data set with daily readings (highest temporal frequency) was used, to improve the accuracy of 
the calculations. A near real time model was used to generate daily surface and bottom salinity 
data based on the GPS coordinates of each of the six seagrass sites in the estuary. The data 
were derived using a 7 day rolling simulation, 3 days in the past to 3 days in the future with the 
past and predictive tides supplied by a Regional Ocean Modelling System (ROMs) ocean 
model run at the University of Western Australia (UWA)  (B. Busch 2017 Personal 
communication). Predictive meteorology (MET) is supplied by the Weather Research and 
Forecasting (WRF) global climate models and the Upper Swan inflow is predicted based on 
the past ten year averages (B. Busch 2017 Personal communication). This model has been built 
by Dr Matt Hipsey at UWA specifically for DWER and the data was provided in-kind for this 
Honours project. However, site specific data for other water quality parameters such as 
temperature and total nitrogen were not available from the model. 
The model salinity data was available for Feb-May of the background period (2016) but only 
up until the end of March for 2017. This is because only this period was validated with real-
time environmental forcings such as the Upper Swan inflow, which is critical for accurately 
predicting salinity. As the impacts of the summer rainfall event extended beyond March 
another data set was required to estimate salinity from April-May 2017. DWER water quality 
data was used that is collected weekly from sites across the estuary as part of the Swan Canning 
Environmental Monitoring and Reporting project (Department of Water and Environmental 
Regulation (DWER) 2016), however they do not correspond directly to the seagrass sites, as 
was possible with the modelled data. The water quality sites (ARM, BLA, HEA, SAL) were 
initially chosen as they are positioned closest to the seagrass monitoring sites (Figure 2). Water 
quality data from these sites was extracted from the Water Information Reporting website 
(http://wir.water.wa.gov.au/Pages/Water-Information-Reporting.aspx).  
The average of the surface and bottom salinities from the model data was used since these are 
shallow (<2 m) sites and reflect the water body that the seagrasses are exposed to. However for 
the DWER water quality data only the surface water was used. This is because these sites are 
much deeper (ARM: 0-11 m; BLA: 0-18 m; HEA: 0-7 m; SAL: 0-3.5 m) and the bottom depths 
would be influenced by the salt-water wedge that protrudes into the estuary at this time, so the 
bottom water would not reflect what the seagrasses were exposed to. The predictions from the 
model were validated with instantaneous in situ data collected by DWER and showed a strong 
correlation (Table 2, Appendix 1, Figure 1). A salinity dataset for each seagrass site from 
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December 2016 to May 2017 was generated by combining these data sources (model and water 
quality site). 
Table 2. Summary of relationship between water quality site salinity data (X) and seagrass 
sites modelled salinity data (Y) 2015-2017 to determine if water quality data can be used to 
predict April-May 2017 data for each seagrass site.  
Seagrass site Water quality site Trendline R2 value 
HTH HEA Y= 1.0734X – 3.995 0.93 
PPT HEA Y= 1.0594X – 3.768 0.92 
DLK ARM Y=0.8788X + 3.237 0.91 
LUB ARM Y= 1.2027X – 8.676 0.89 
CAN SAL Y= 0.6347X + 11.575 0.88 
RCK BLA Y=0.6297X + 12.688* 0.81 
*excludes 2015 data and removal of outliers  
 
Data from the model (2015-2017) was plotted against the corresponding DWER monitoring 
data (2015-2017) at each seagrass site to assess if there was a relationship between model data 
at the seagrass and water quality data further away from the seagrass sites. If this was the case, 
then the DWER monitoring data could be used to predict the seagrass site salinity data from 
April-May 2017. The salinity data from each of six seagrass sites (Y) was plotted against the 
relevant water quality sites (X). A linear model was the best fit and if the R2 ≥0.8 then the water 
quality data was deemed to be an appropriate predictor for the seagrass model data (Appendix 
1, Figure 1). The salinity values from each of the water quality sites was inputted to the trend 
line equation derived from the scatter plot to extrapolate the remaining salinity data for April-
May 2017 for each of the six seagrass sites. As the DWER monitoring data is only measured 
weekly then the exposure metric for April and May is derived from differences in salinity 
values measured on a weekly basis. 
Additional metrics were calculated based on those used for marine heat waves to provide 
further insights into the characteristics of the 2017 flood (Hobday et al. 2016) (Figure 4; Table 
3). Primary metrics were used to describe the intensity and duration of the flood and enable 
broad comparisons between different events. Secondary metrics were also used to characterise 
the temporal extent of the event in terms of the rate of  onset and return to background 
conditions (Hobday et al. 2016) (Figure 4, Table 3). A baseline period of around 30 years is 
generally used for calculating climatological means however, the model data for salinity from 
these sites was only available for Jan 2015 – June 2016 and Feb-March 2017 so the 
climatological mean was calculated using the Jan 2015 – May 2016 as the reference period. 
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Figure 4. Graphic of metrics used to describe a flood as an anomalous rainfall event which 
produces >5% differences between background and current salinities for a period of ≥ 5 
consecutive days. The intensity of the flood is shown by the maximum difference in salinities 
between background and current salinity (imax), the mean of the differences in salinity (imean), 
rate of decline (ronset) and rate of return (rreturn) in salinity is also shown. Figure is adapted from 
(Hobday et al. 2016). 
 
Table 3. Categorised metrics adapted from their use to define marine heat waves to describe 
flood plume assuming that the event has a distinct commencement and end day 
 
Metric Description of metric 
PRIMARY  
Tm Climatological mean: calculated over a reference period to which all values are relative (Jan 2015 - June 2016)* 
ts Start of the flood where (Salinity2016 - Salinity2017) > 5% 
Sts Salinity at start of flood or ts 
ts-1 Date before start of flood 
Salinityts-1 Salinity value one day before start of flood 
te Date of end of flood (i.e. when Salinity2017 - Salinity2016 < 5%) 
Salinityte Salinity at end of flood 
imax Highest salinity anomaly (difference) between background salinity conditions and those during the flood plume event 
imean Mean salinity anomaly during the flood plume event 
ivar Variation in intensity of the flood plume event over the duration 
SECONDARY   
tmax The date when imax occurred 
Stmax Salinity at tmax 
Duration Consecutive period of time that there is >5% difference between current and background salinity between the start and end of flood 
Ronset 
Rate of salinity change from the start of the flood to the maximum intensity 
of the flood derived from trendline over period from start of flood to max 
intensity;  
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Rreturn Rate of salinity increase from the maximum intensity to the end of the flood plume event; =(se - imax)/(te - tmax) 
 
Flood events can have substantial impacts on other water quality conditions which also impact 
seagrasses. To determine whether salinity was an appropriate proxy for other water quality 
conditions which may have impacted seagrass resilience, salinity was plotted (x-axis) against 
each of the following: temperature (°C), total nitrogen (mg/L) and secchi disc depth (m) (y-
axis) using scatterplots. Trend lines were fitted according to the relationship that was evident 
between the two sets of data and the R2 value was derived from the trend line to ascertain the 
strength of the relationship.   
2.3 AIM 1B: Resilience of H. ovalis to an ECE- Seagrass responses 
 
To determine whether the intensity and duration of the flood influenced patterns of resistance 
and recovery, sampling of seagrass resilience parameters was conducted at six sites (Figure 2) 
on a monthly basis from Dec 2016-March 2017. In order to capture any potential recovery 
following the flood, sampling of resilience parameters continued from April-September 
inclusive following the methods outlined below. To capture the resistance response of seagrass 
to the flood, measurements of seagrass biomass, cover (%) and leaf density were taken and to 
determine the recovery, seagrass biomass, cover, growth potential, fruit density and seed bank 
density were measured (Table 4). These variables were measured as they were identified by 
O'Brien et al. (2017) to reflect resistance and recovery processes of seagrasses. These are 
particularly relevant to the species H. ovalis which fruits in summer months, produces a 
dormant seed bank and grows quickly via horizontal rhizome extension, branching and 
produces new plant units at each growing tip (Kuo & Kirkman 1992). 
 
Table 4. List of variables measured which enable seagrass meadows to resist and recover 
from disturbances to determine the resilience of seagrass meadows to flooding in the Swan-
Canning Estuary, Western Australia. 
 
Resistance Recovery 
Cover 
Biomass 
Leaf density 
Cover 
Biomass 
Leaf density 
Growth potential 
Fruiting density 
Seed bank density 
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Resistance and recovery- Seagrass cover (%) 
Seagrass cover (%) was visually assessed by snorkel using 30cm2 quadrats which were 
randomly placed within each site (10 replicates) and each assessment was assigned a score 
pertaining to the cover class (Table 5). The score represents the combined contribution of the 
seagrass species (i.e. Ruppia megacarpa, Zostera muelleri, Halophila ovalis) recorded in each 
quadrat during the 2016/17 sampling effort conducted by DWER (December 2016 – March 
2017) (Forbes & Kilminster 2014). Broad categories were chosen for the range of cover classes 
to avoid potential estimation error associated with narrower categories and testing supported 
the validity of this method (Forbes & Kilminster 2014). The mid-point range of each cover 
class were used for statistical analysis. 
Table 5. Seagrass cover (%) scores assigned based on visual assessments using 30cm2 quadrats, 
the range of cover classes and description of cover.  
 
Score Cover class (%) Description 
0 0 Unvegetated area  
1 1-10 Larger sections of bare sand with single to few leaves and very 
little cover observed 
2 11-25 Sand predominantly and sparse cover from numerous leaves  
3 26-50 Sand dominates with moderate seagrass cover 
4 51-75 Seagrass cover dominates with moderate sand cover visible 
5 76-90 Dense seagrass cover with some sand visible  
6 91-100 Little sand visible, very dense seagrass cover, individual plants 
difficult to distinguish 
 
A total of 240 quadrat observations were completed over 2016/17 period and the data was 
provided in kind by DWER. In 162 quadrats or 68% of the total number quadrats, Halophila 
ovalis was the major seagrass present and in an additional 17% no seagrass was present (Table 
5). Thus subsequent sampling conducted for this honours project (April-September 2017) 
included cover assessments of Halophila ovalis only as the focal species.  
Table 6. Number of quadrat observations per site and month in which Halophila ovalis 
was the dominant seagrass in addition to the number of instances no seagrass was observed 
over the December 2016 to March 2017 sampling period conducted by DWER for the 
purpose of estimating seagrass cover % 
SITE DEC JAN FEB MAR Subtotal No seagrass Total % 
RCK 6 10 10 7 33 0 40 82.5 
HTH 10 10 10 10 40 0 40 100 
LUB 7 2 4 3 16 18 40 40 
PPT 10 4 9 9 32 7 40 80 
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CAN 9 6 8 6 29 11 40 72.5 
DLK 3 5 1 3 12 4 40 30 
 
Resistance and recovery- Biomass (g DW m-2) and leaf density (# m-2) 
During each monthly sampling session seagrass samples were collected using cylindrical cores 
(9.6cm diameter x 15cm depth) that were randomly stratified to seagrass within each site 
(Figure 2). A total of five replicates were collected from each site and each replicate included 
samples from two cores placed side by side (approximately 0.0145m2 area/ replicate). The 
15cm depth was chosen to ensure collection of the majority of seeds and root material. The 
plant material was separated using a 1.5cm sieve with a bucket underneath to collect the 
sediment. The plant material and sediment samples were placed in separate calico bags which 
were transported back to the laboratory for processing. The plant material samples were stored 
in a -5⁰C freezer if it was not being processed within 3 days. Sediment samples were stored in 
a 5⁰C fridge.  
The plant material was re-washed in the laboratory to remove excess sediment and any 
epiphytic material was removed using a blade. The plant material was separated into above 
(leaves and petioles) and below ground (roots and rhizomes) material and dried in a 60⁰C oven 
for 48 hours and the dry weights (g) were recorded. Total biomass was determined by summing 
the above and below ground weights and scaled up to reflect biomass at the meadow scale (g 
DW m-2). The number of leaves was also recorded during separation and the density per m-2 
expressed. 
Recovery- Growth potential (apex density m-2; branching density m-2) and fruiting 
density (m-2) 
From the same samples for biomass, the number of branches, apices, flowers and fruits was 
also recorded. The density of each of these parameters was calculated from the average across 
the five replicates and scaled up for reporting at meadow scale (per m2) from the sampled area 
per replicate. Apex and branching density (m-2) were selected as being representative of growth 
potential. 
Recovery- Seed bank density (# m-2) 
The sediment samples were mixed inside the calico bags to ensure heterogeneity. The sediment 
was placed in a 500µm sieves and flushed with seawater and carefully checked to expose seeds. 
Seeds were retrieved using forceps and placed in site/month labelled ice trays which were 
stored in a 15L aerated tank containing seawater (~35ppt). Seed bank density in the meadow 
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(m-2) was determined from the number collected in the area represented by the double cores 
(0.0145m2). 
Statistical analysis 
To test for significant changes in each of the resilience parameters (cover; biomass; leaf 
density; fruiting density; growth potential; seed bank density) within each of the sites (n=6) 
over time (Dec, Jan, Feb, Mar, April, May, August, September) a PERMANOVA analysis was 
conducted using Primer v6+ and PERMANOVA (PRIMER-E). A two factor design was used 
with site and month as fixed factors. Histrograms were produced from the raw data and used 
as the basis for transformation. A permutational analysis of variance (PERMANOVA) mains-
test was run on the resemblance matrix using Euclidean distance (p-value=0.05). Permutational 
pair-wise tests were performed post-hoc to determine which months, within each site, were 
significantly different (p < 0.05) from each other. In this analysis we wanted to assess if the 
seagrass resistance or recovery measures changed after the flood and the time period over 
which it changed. 
2.4 AIM 1B: Resilience of H. ovalis to an ECE- comparing flood metrics with 
seagrass change 
 
To establish the influence of flood intensity and duration on the resistance and recovery 
responses of H. ovalis meadows, scatter plots were used to graph the rate of change seagrass 
cover % (Y-axis) against flood metrics including the cumulative exposure (icum), maximum 
anomaly (imax) and rate of onset of the flood (ronset) (X-axis) unique to each seagrass site. The 
period chosen for the rate of change calculation was between February, when the flood 
occurred, and in April, when minimal levels of cover occurred across sites. The rates of change 
in seagrass cover was calculated for each seagrass site as the difference in average seagrass 
cover between April and February divided by the number of days between sampling dates (e.g. 
(20% - 80%)/58 days= -1.03 % d-1) . The same procedure was carried out for changes in leaf 
density.  
The assumption was that if there was a relationship between flood exposure and the change in 
seagrass condition over the flood period then the exposure to the flood and the stress it exposed 
the seagrass to, is likely to be influencing the response. Plants at different sites were also 
assumed to be physiologically the same. To determine if there was a relationship, a linear trend 
line was fitted to the data but this was removed if the R2≤0.4. Data for RCK was removed as 
changes at this site were substantially higher than at other sites. The data was then re-plotted 
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and a linear trend line fitted to determine whether this improved the strength of the relationship 
but this was again removed if the R2≤0.4. However, if no relationship was evident, then other 
processes like acclimation may also be influencing the response. If this was the case, then sites 
further downstream that are rarely exposed to freshwater would be more impacted than those 
upstream that are regularly exposed to freshwater over an annual cycle.  
2.5 The influence of freshwater exposure on seagrass response to flood impacts 
 
I aimed to compare the response of individuals retrieved from upstream versus downstream 
seagrass populations to changes in salinity designed to simulate those of the February flood in 
an aquarium experiment. I predicted that upstream meadows would be more resistant and 
recover faster from the flood compared to downstream meadows as a result of being regularly 
exposed to freshwater in the estuary based on a study done in Moreton Bay, Queensland 
(Maxwell 2014). It was inferred that meadows were more resilient to flooding due to the 
presence of traits that allow plants to cope with frequent exposure to chronic water quality 
conditions (Maxwell 2014).  However, due to extremely poor visibility conditions in the 
estuary plant collections could not be undertaken for the experiment and time constraints 
associated with undertaking an Honours project did not permit this to be undertaken at a later 
date.  
2.6 AIM 2: The influence of meadow form on ecological resilience of seagrass 
meadows 
Kilminster et al. (2015b) described two forms of meadows: transitory meadows which are 
characterised by their absence or presence in an area and enduring meadows which fluctuate 
in biomass but are generally present in an area for > 5 years. Both forms of meadow are present 
in the estuary with transitory meadows in the Upper estuary where environmental conditions 
fluctuate more and enduring meadows in the Lower and Middle estuary. I hypothesized that 
plants traits associated with recovery and resistance would be influenced by meadow form. 
Measurements of resistance (cover, biomass) and recovery (fruiting density, growth potential) 
indicators were taken following the methods outlined for hypothesis one.  
Sampling was conducted in December 2016 and January 2017 exclusively to remove the effects 
of the flood in early February 2017. The form of meadows was classified at the spatial extent 
of 500 m over a 5 year period using the criteria described in Table 7. Originally it was intended 
to sample these sites over the entire flowering and fruiting period, however, due to the flood, 
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this was not possible. In addition, seed bank density was not included as a resilience metric 
because the seed bank would not have had time to recover by December and January following 
a possible germination event in spring at the transitory site.  
Table 7. Criteria used to classify the form of meadows in the Swan-Canning estuary based 
on the definitions for enduring and transitory meadows (Kilminster et al. 2015b) 
 
Transitory Enduring 
Presence 
Seagrass meadows are absent (i.e. no 
above/below ground plant material) in an 
area for some period of time over 5 years.  
Cover 
Generally low average between 0-25% 
cover and very rarely > 75-90% 
Presence 
Seagrass meadow is continuously present in 
an area for >5 years with variations in 
diversity, abundance and seasonality of 
reproduction, etc. observed over time.  
Cover 
High variability reflecting changes in 
environmental conditions ranging from 1-
10% (poor light, cooler temperatures) to 90-
100% (high light, higher temperatures). 
  
Site selection 
The enduring sites were PPT and HTH and the transitory sites were CAN and COODE (Figure 
2). Two subsites were selected within each site and spaced approximately 400 m apart to 
capture any site specific variation.  
Seagrass collection and processing 
At each subsite, seagrass was measured, collected and processed following the DWER methods 
as described above but not all variables were measured as justified above. For each site the 
following measures were collected: cover, biomass, growth potential and fruiting. Total 
biomass was determined by summing the above and below ground weights and scaled up to 
reflect biomass at the meadow scale (g DW m-2). For growth potential, the number of apices 
was divided by total biomass (g) for each replicate and the average was calculated and then 
scaled up to # apices/ g DW m-2. The same was done for branches as an additional measure of 
growth potential (# branches / g DW m-2). For recovery, the number of fruits was divided by 
total biomass (g) for each replicated and the average was calculated and then scaled up to # 
fruits/ g DW m-2. 
Statistical analysis 
A univariate approach was used to test the effects of meadow form on the resilience variables 
(cover, biomass, growth potential and fruiting density) and conducted in Primer v6+ and 
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PERMANOVA (Primer-E). A three factor design was used with meadow form (transitory vs. 
enduring) and month (Dec, Jan) as fixed factors and site nested in meadow-form as a random 
factor. A PERMANOVA mains-test was run on the resemblance matrix using Euclidean 
distance and homogeneity of variances was tested on the raw data (PERMDISP) (p=0.05) and 
transformed if necessary. Post-hoc permutational pair-wise tests were performed when the 
mains test detected a significant effect to determine what treatments were significantly different 
(p < 0.05). If, after transformation, the assumption of homogeneity of variances was still 
violated then the significance level or p-value for the mains and post-hoc pair-wise tests was 
set to 0.01. 
3. RESULTS 
3.1 Spatial and temporal effects of the 2017 flood on salinity 
Salinity levels over the background period (2016) showed little variation and were similar to 
marine conditions at around 35 PSU across all sites in the estuary (Figure 5). Conversely, the 
flood in February 2017 significantly reduced the salinity at all sites from within days of the 
flood starting and for around 75 days (Figure 5). Freshwater exposure was greatest at the upper 
(PPT, HTH) and lower (LUB) middle estuary sites with salinity declining to ~10ppt whilst the 
exposure was less intense at ~15ppt at the furthest upstream (CAN), the main basin (DLK) and 
lower estuary (RCK) sites (Figure 5). For another 30 days, salinity remained below 15ppt at all 
sites except at DLK and RCK where salinity was higher at ~20ppt (Figure 5). Salinity levels 
began to increase approximately 50 days after the flood, towards the end of April, at all sites 
(Figure 5).  
The metrics used to describe the flood event based on Hobday et al (2016) varied among sites 
(Table 7). The climatological means from the background period for each of the six sites were 
close to marine conditions (>30ppt) (Table 8). The start date (ts) of the flood, defined as the 
point in which the difference in background and current salinity is >5%, was delayed at CAN 
which is furthest upstream (13/2/17) compared to the other sites. It occurred earliest at PPT 
(10/2/17) and then at DLK, LUB, RCK (11/2/17), followed by HTH (12/2/17) then CAN 
(13/2/17) (Table 8). The duration of freshwater exposure varied across all sites by 
approximately 10 days, from 79 up to 88 days, according to the start and end of the flood period 
where the difference between background and current salinities was greater than 5% (Table 6).  
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The rate of onset of the flood was greatest at the lower estuary RCK site (-2.77) compared to 
PPT which is in the upper middle section of the estuary (-1) (Table 8). However, the intensity 
(imax) of the flood was greater (≈ 26ppt) at both upper middle estuary sites (PPT, HTH) but was 
lower further downstream at RCK ( ≈ 20ppt) (Table 8). Despite being the furthest upstream 
site, CAN experienced similar levels of impact to the sites further downstream (Table 8). 
Salinity levels at CAN returned to within 5% of background levels within the least amount of 
days (79 days) followed by RCK (82 days) and then at PPT (88 days) (Table 8). The rate of 
return of current to background salinity levels was faster at CAN and RCK and slowest at the 
upper middle sites (Figure 5). 
Table 8. Ranked categories of metrics to represent the characteristics of flood plume events. 
Metrics derived from daily salinity data and assumed that flood had a discrete start and end 
day (Hobday et al, 2016). 
 
PRIMARY METRICS 
 Upper Middle Lower  
HTH PPT DLK LUB CAN RCK 
Tm 32.17 32.04 33.45 32.70 30.66 34.38 
ts 12/2/17 10/2/17 11/2/17 11/2/17 13/2/17 11/2/17 
Sts 21.51 27.77 31.29 32.80 26.67 33.18 
ts-1 11/2/17 9/2/17 10/2/17 10/2/17 12/2/17 10/2/17 
Salinity(ts-1) 33.13 33.83 34.53 33.73 33.67 34.84 
te 9/5/17 9/5/17 9/5/17 9/5/17 3/5/17 3/5/17 
Salinity(te) 31.96 31.71 32.74 31.91 29.98 33.22 
imax 26.26 26.24 20.79 25.34 20.48 20.84 
imean 13.95 14.68 10.02 13.39 12.09 9.28 
ivar 72.55 67.42 32.9 65.58 31.05 35.24 
tmax 20/2/17 23/2/17 18/2/17 19/2/17 20/2/17 17/2/17 
Stmax 8.96 9.03 14.36 9.82 13.80 15.08 
Duration (days) 86 88 87 87 79 82 
SECONDARY METRICS 
ronset  -1.00 -1.16 -2.17 -2.65 -2.25 -2.77 
rincrease 0.20 0.20 0.19 0.19 0.22 0.21 
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Figure 5. Changes in salinity over the 2017 flood (February – May) compared to 2016 (no 
flood/ background year). Data shown are the average of salinity measurements taken at the 
surface and bottom from sites located in the Upper (HTH, PPT), middle (DLK, LUB) and lower 
(CAN, RCK) sections of the Swan-Canning Estuary, WA. 
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Cumulative exposure 
Each of the six seagrass sites had varying freshwater exposure during the flood, based on a 
>5% deviation in salinity from background conditions accumulated over time (Figure 6). PPT 
and HTH, the upper middle estuary sites, experienced the greatest exposure of 822.44 and 
753.71 respectively, with similar levels of exposure at LUB (736.30) which is located in the 
main basin of the estuary (Figure 6). Declines in exposure were evident towards the lower 
estuary sites with the minimum occurring at RCK (500.93) which is closest to the ocean (Figure 
6). The one exception is CAN, the most upstream site, where the cumulative exposure (629.13) 
is between the intermediate sites (LUB and DLK) and is mostly likely due to the later onset of 
the flood at this site (Figure 6).  
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Figure 6. Exposure metric used to quantify the intensity of freshwater exposure following the February 2017 flood across six seagrass sites in the furthest 
upstream (CAN), upper middle (HTH, PPT), main basin (DLK, LUB) and lower (RCK) estuary sections of the Swan-Canning Estuary, Western Australia. 
The metric represents the cumulative difference between background (2016) and current (2017) where this difference is ≥5%. 
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3.2 Variation in other water quality parameters following February flood during 
background (2016) and flood year (2017) 
 
Salinity is the only variable where seagrass site-specific data is available. However, the flood 
also resulted in changes to other water quality variables that could impact seagrasses such as 
light, temperature and nutrient concentrations (Figure 7, 8). Changes in water quality 
parameters including total nitrogen concentration, secchi disc depth (a proxy for light 
penetration) and temperature were evident compared to the background conditions in 2016 
across all four water quality sites (Figure 8). Total nitrogen during the flood in 2017 was around 
3 times greater than in 2016. The greatest concentrations occurred at the upstream site HEA, 
the middle site at ARM and the downstream site at BLA but changes were less evident at SAL, 
the Canning River site (Figure 8). Secchi disc depth, a proxy for light penetration, was greatly 
reduced in February and did not increase at most sites until April (Figure 7, 8). Differences in 
temperature between 2017 than 2016 were not as clear, although there was more variability in 
2017 compared to 2016 (Figure 8).  
 
Figure 7. Light quality at Heathcote site one week before (left) and one month after 
(right) the February flood in the Swan-Canning Estuary.   
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Water quality sites: 
Figure 8. Average fortnightly concentrations of Secchi disc depth (m), total nitrogen 
(mg L-1) and temperature (°C) from January to May comparing the background (2016, 
left) and flood (2017, right) years at water quality sites in the Swan-Canning estuary.  
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There was a reasonably strong relationship between salinity and the other water quality 
variables at all sites over the flood period (Figure 9a, b, c, d). Salinity was strongly related to 
Secchi disc depth (R2>0.7) with an exponential relationship, with the exception of SAL though 
a relationship between the two variables was still evident from the plot (R2=0.54). Secchi disk 
depth reflects water clarity and therefore light penetration, with lower depths indicating less 
light penetration (Figure 9c- middle). A strong linear association between salinity and total 
nitrogen was evident across all sites (R2 > 0.7) (Figure 9a, b, c, d- right). The strength (R2) of 
the relationship between salinity and temperature was between 0.6-0.88 with the highest 
correlation occurring at Salter point (SAL) which is furthest upstream and closest to the CAN 
seagrass site (Figure 9a, b, c, d- left). Based on these patterns, the majority of the relationships 
between salinity and the other water quality variables being reasonably strong, salinity is an 
appropriate proxy for predicting the overall effects of the February flood on water quality in 
the estuary. 
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Figure 9a. Correlation between salinity (x) and other water quality variables (y) at the Heathcote (HEA) water quality site which is closest to the upper middle 
PPT and HTH seagrass sites in the Swan-Canning estuary to determine if salinity is an appropriate proxy for the other effects of the February 2017 flood. 
   
Figure 9b. Correlation between salinity (x) and other water quality variables (y) at the Armstrong Spit (ARM) water quality site which is closest to the main 
basin DLK and LUB seagrass sites in the Swan-Canning estuary to determine if salinity is an appropriate proxy for the other effects of the February 2017 flood. 
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Figure 9c. Correlation between salinity (x) and other water quality variables (y) at the Salter Point (SAL) water quality site which is closest to the CAN seagrass 
site which is furthest upstream in the Swan-Canning estuary to determine if salinity is an appropriate proxy for the other effects of the February 2017 flood. 
    
Figure 9d. Correlation between salinity (x) and other water quality variables (y) at the Blackwall reach (BLA) water quality site which is closest to the lower 
estuary RCK seagrass site in the Swan-Canning estuary to determine if salinity is an appropriate proxy for the other effects of the February 2017 flood.
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3.3 Variation in seagrass resilience parameters prior to, during and following February flood 
 
Seagrass cover % 
The highest average monthly seagrass cover was observed in February at RCK (91.75%±2.70), followed 
by HTH (70.50%±9.43%) and DLK (59.60%±18.74). The site with the next highest cover was PPT 
(42.15%±16.01) in December and the remaining two sites consistently had cover less than 20%. Seagrass 
cover varied significantly between sites (F= 10.97, p=0.001, Table 9) and over time within each site 
(F=13.73, p=0.001, Table 8), but there was not a consistent pattern in cover over time, particularly in 
relation to the flood (Figure 10). At sites that in some months exceeded 20% cover, there was a general 
pattern of decline following the flood, evident either in March (HTH, PPT, RCK) or April (DLK) (Figure 
10). Cover was significantly lower in March compared to pre-flood months (Dec, Jan) at HTH and RCK 
(Figure 10, Appendix 2 Table 1), and significantly lower again in April (Figure 10, Appendix 2 Table 1). 
In May, significant increases in cover, compared to minimum levels in April were detected at HTH and this 
was maintained in August (F=3.40, p=0.002), although recovery did not reach pre-flood levels (Appendix 
2, Table 1). A trend of increasing cover was evident at DLK and RCK in August and September. 
Table 9. PERMANOVA statistical outputs from examining the spatial (site) and the temporal 
(site(month)) variation in seagrass cover % across sites (p=0.01) 
 
Source of variation df F-value p-value 
Site 5 10.966 0.001 
Site(Month) 42 4.75 0.001 
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Figure 10. Temporal changes in seagrass cover % prior to and following February 2017 flood across six 
H. ovalis meadows located in the Swan-Canning Estuary, Western Australia.  
 
*: Significantly lower cover compared to pre-flood months (Dec and/or Jan); 
A: Significantly lower than February flood; 
B: Further significant decline. 
Refer to Appendix 2 Table 1 for PERMANOVA post-hoc results used to determine *, A, B and other 
significant differences. 
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Total biomass (g DW m-2) 
Like seagrass cover, total biomass varied across all sites over the sampling periods with the maximum 
occurring in January at all sites except CAN and LUB which had consistently low biomass (Figure 10). 
The maximum average biomass occurred at RCK (508±82.61g DW m-2) and was also high at HTH 
(290±10.84g DW m-2) and DLK (309±58g DW m-2) (Figure 11). The variation in total biomass between 
the six sites was significant (F= 10.35, p=0.001, Table 10). Within each site the temporal variation in total 
biomass was also statistically significant (F=10.51, p=0.001, Table 10). There was a general pattern of 
decline following the flood, evident either in March (HTH, PPT, RCK) or April (DLK, CAN) (Figure 11). 
Declines in February are not attributed to the flood as sampling was conducted 4 days after its occurrence 
and changes in biomass are unlikely to be evident in this short period of time. Further significant declines 
in biomass were evident in April at PPT (F=6.03, p=0.008, Appendix 2 Table 2) and RCK (F=4.63, 
p=0.009, Appendix 2 Table 2) (Figure 11). Total biomass had returned to pre-flood level in September at 
all sites (p>0.01) except RCK compared to January levels (F=5.134, p=0.007, Appendix 2 Table 2) though 
increases at this site were evident (Figure 11).  
Table 10. PERMANOVA statistical outputs to determine spatial and temporal differences in total 
biomass (g DW m-2) across sites 
 
Source of variation df F-value p-value 
Site 5 10.35 0.001 
Site(Month) 42 10.51 0.001 
 
40 
 
 
Figure 11. Temporal changes in total biomass (g DW m-2) prior to and following February 2017 flood 
across six H. ovalis meadows located in the Swan-Canning Estuary, Western Australia.  
*: Significantly lower total biomass compared to pre-flood months (Dec and/or Jan); 
A: Significantly lower than February flood; 
B: Further significant decline; 
 
Refer to Appendix 2 Table 2 for PERMANOVA post-hoc results used to determine *, A, B and other 
significant differences. 
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Leaf density (m-2) 
Similar to biomass and cover, maximum leaf densities occurred in January at HTH, DLK and 
RCK but the timing of maximum monthly leaf density was different at PPT (Feb), CAN (Dec) 
and LUB (Dec) (Figure 13). Variation in leaf density was significant between sites (F=7.26, 
p=0.001) and within each site the monthly variation in densities was also significant (F=13.73, 
p=0.001, Table 11).  Following the flood, there were significant declines in leaf density within 
a month at PPT (F=8.18, p=0.009), HTH (F=4.35, p=0.009) and RCK (F=6.34, p=0.009) and 
these declines persisted into April (Figure 13, Appendix 2, Table 3). Field observations of leaf 
drop confirmed the declines at HTH (Figure 12). Significant declines were not detected until 
April at LUB and CAN where minimum densities were recorded at all sites (Figure 13). From 
May there was a trend of increasing leaf density at PPT, HTH, CAN and RCK but the only 
sites that showed a return to pre-flood levels was HTH in August and PPT in September. 
Increases in leaf density occurred in September at RCK but this increase was not significant 
compared to the minimum levels in April (F=3.91, p=0.006, (Appendix 2, Table 3). Although 
CAN did show an increase in May, there was a decline again in August and September. 
Table 11. PERMANOVA statistical outputs examining the spatial (site) and the temporal 
(site(month)) differences in leaf density (m-2) across sites (p=0.01) 
 
Source of variation df F-value p-value 
Site 5 7.26 0.001 
Site(Month) 42 13.73 0.001 
 
 
Figure 12. Leaf drop observed in Halophila ovalis meadows in March, one month following 
the February flood in the Heathcote (HTH) site. 
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Figure 13. Temporal changes in leaf density (m-2) prior to and following February 2017 flood across 
six H. ovalis meadows located in the Swan-Canning Estuary, Western Australia.  
*: Significantly lower leaf densities compared to pre-flood months (Dec and/or Jan); 
A: Significantly lower than February flood; 
B: Further significant decline; 
C: Significant increase compared to minimum leaf density after flood, but return is not to pre-flood 
levels.  
Refer to Appendix 2 Table 2 for PERMANOVA post-hoc results used to determine *, A, B, C and 
other significant differences. 
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Growth potential- Apex density (m-2) 
Apex densities were greater in December and January and particularly at HTH and RCK 
(±2500 apices m-2) but comparatively lower across these sampling months at PPT, CAN and 
LUB (Figure 14). There were significant differences in apex densities between sites (F=2.51, 
p=0.037, Table 12) and months (F=8.61, p=0.001, Table 12). Apex density initially declined 
one month following the flood in March at HTH (F=4.58, p=0.009) and PPT (F=2.92, p=0.02) 
but not until April at all other sites (Figure 14). In April, further significant declines were 
recorded at all sites except DLK (Appendix 2, Table 4). Apex densities in August and 
September were lower than pre-flood months (Figure 14) and the difference was significant at 
all sites except at PPT where densities in September were not significantly different to January 
(Appendix 2 Table 4). 
Table 12. PERMANOVA statistical outputs examining the spatial (site) and the temporal 
(site(month)) differences in apices (m-2) across sites (p=0.05) 
 
Source of variation df F-value p-value 
Site 5 2.51 0.037 
Site(Month) 42 8.61 0.001 
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Figure 14. Temporal changes in apex density (m-2) prior to and following February 2017 flood across 
six H. ovalis meadows located in the Swan-Canning Estuary, Western Australia.  
*: Significantly lower apex densities compared to pre-flood months (Dec and/or Jan); 
A: Significantly lower than February flood; 
B: Further significant decline; 
C: Significant increase compared to minimum apex density after flood, but return is not to pre-flood 
levels. 
Refer to Appendix 2 Table 3 for PERMANOVA post-hoc results used to determine *, A, B, C and 
other significant differences. 
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Growth potential- Branching density (m-2) 
The mean branching density was < 2000 m-2 at all sites (Figure 14) though the variation 
between sites was significant (F=3.65, p=0.003, Table 13). The monthly variation in branching 
densities within each site was also significant (F=3.50, p=0.001, Table 13). The main 
differences were observed between December, when the maximum density occurred at HTH, 
PPT and RCK, compared to the majority of the other months (Appendix 2, Table 5). Following 
the flood, increases in branching density were observed in March up until May at all sites 
except LUB where declines occurred (Figure 15). By September, branching density had 
returned to the levels recorded in January at all sites (Appendix 2 Table 5) except DLK (F=5.55, 
p= 0.009) and PPT (F=2.33, p= 0.009) (Figure 15).  
Table 13. PERMANOVA statistical outputs from examining the spatial (site) and the 
temporal (site(month)) differences in branches (m-2) across sites (p=0.05) 
 
Source of variation df F-value p-value 
Site 5 3.65 0.003 
Site(Month) 42 3.50 0.001 
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Figure 15. Temporal changes in branching density (m-2) prior to and following February 
2017 flood across six H. ovalis meadows located in the Swan-Canning Estuary, Western 
Australia.  
*: Significantly lower apex densities compared to pre-flood months (Dec and/or Jan); 
A: Significantly lower than February flood; 
B: Further significant decline; 
C: Significant increase compared to minimum branching density after flood, but return is not 
to pre-flood levels. 
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Fruiting density (m-2) 
Only the sites and months when fruiting was observed were included in this analysis. 
Therefore, as no fruits were observed at LUB this was excluded, as well as the months May, 
June, August and September. There were some patterns with differences between sites, higher 
fruiting densities at HTH and RCK compared to other sites (Figure 16), but this difference was 
not significant (F=2.68, p=0.07, Table 14). Although the effect of month on fruiting density 
within a site (Table 14, Figure 16) was significant, post-hoc testing did not show the specific 
month this difference occurred. Maximum fruiting densities were observed in Jan-Feb at HTH, 
January at CAN and Mar at PPT, RCK and DLK (Figure 16). Due to the temporal nature of 
fruiting, which generally ends in March, it is not clear if there were any flood impacts. 
Table 14. PERMANOVA statistical outputs from examining the spatial (site) and the 
temporal (site(month)) differences in fruiting density (m-2) across sites (p=0.01) 
 
Source of variation df F-value p-value 
Site 4 2.684 0.07 
Site(Month) 20 3.759 0.001 
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Figure 16. Temporal changes in fruiting density (m-2) prior to and following February 2017 flood across 
six H. ovalis meadows located in the Swan-Canning Estuary, Western Australia.  
Refer to Appendix 2 Table 6 for post-hoc results. 
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Seed bank density (m-2) 
Similar to fruiting density, there was significant variation in seed bank densities across sites (Figure 16, 
F=6.51, p= 0.001, Table 15). The monthly variation in seed bank densities within each site was also 
significant (F= 3.78, p=0.001, Table 15). The maximum monthly density ranged from 40,000 m-2 in March 
at RCK to ~ 3,500 at DLK in March and HTH in February, ~650 in PPT in March down to ~ 200 at LUB 
and CAN in March (Figure 17). In some months, seed banks were not detected at all (e.g. PPT, LUB and 
CAN). There was a trend of increasing seed bank density from January to March at HTH, PPT, DLK and 
LUB and reductions in March or April at all sites (Figure 17). Although there was a significant effect of 
time, the post-hoc tests revealed that these were only evident at HTH and RCK (Figure 17). The minimum 
seed bank density was recorded in May at HTH and was significantly different to February (F=3.68, 
p=0.008, Appendix Table 7). 
Table 15. PERMANOVA statistical outputs from examining the spatial (site) and the temporal 
(site(month)) differences in seed bank density (m-2) across sites (p=0.01) 
 
Source of variation df F-value p-value 
Site 5 6.51 0.001 
Site(Month) 42 3.776 0.001 
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Figure 17. Temporal changes in seed bank density (m-2) prior to and following February 2017 flood 
across six H. ovalis meadows located in the Swan-Canning Estuary, Western Australia.  
*: significant decline in seed bank density compared to Dec and/or Jan; 
A: Significantly lower than February flood. Refer to Appendix 2 Table 7 for post-hoc results. 
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Relationship between flood metrics and seagrass response- cover (%) 
No clear relationship was evident between the freshwater exposure (icum, imax) metrics and 
changes in seagrass cover across all sites (Figure 18a, b). Greater freshwater exposure (icum) 
did not result in a greater rate of decline in seagrass cover (Figure 18a). In fact, maximum 
declines occurred at RCK, the site furthest downstream, which was least exposed to freshwater 
following the flood (Figure 18a left). Even with removal of RCK, changes in seagrass cover 
were minimal at highly impacted sites such as LUB and CAN (Figure 18a right). Similarly, 
reductions in seagrass cover were not larger when imax, the maximum deviation in salinity from 
background levels, was greater (18b). The relationship between seagrass cover and the onset 
of flooding (ronset) was not clear (18c left).  
This analysis shows that seagrass response cannot be predicted by the metrics that characterised 
the freshwater exposure (icum, imax) (18a, b). Although when RCK was removed, there was a 
strong negative association between the rate of onset of flooding and rate of change in seagrass 
cover (R2=0.77). Reductions in seagrass cover were higher at HTH and PPT where the rate of 
onset of the flood was slower compared to CAN, DLK and LUB (18c right). 
52 
 
 
Figure 18a. Rate of change in seagrass cover (%) in relation to freshwater exposure (icum) following the 2017 February flood at all sites (left) and with 
RCK removed (right). 
 
Figure 18b. 
Rate of change in seagrass cover (%) in relation to the maximum difference in salinity between 2017 and 2016 (imax) following the 2017 February flood 
at all sites (left) and with RCK removed (right). 
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Figure 18c. Rate of change in seagrass cover (%) in relation to the rate of change in salinity levels/ onset of flood (ronset) following the 2017 
February flood at all sites (left) and with RCK removed (right). 
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Relationship between flood metrics and seagrass response- leaf density (m-2) 
Similar to seagrass cover, changes in leaf density were not consistent with the impacts of 
flooding across all sites (Figure 19a). Increasing freshwater exposure did not cause larger 
reductions in leaf density (19a). Rather, maximum leaf densities were evident at RCK which 
experienced the lowest freshwater exposure being the site furthest downstream (Figure 18a). 
Similar inconsistencies were evident when leaf density was related to imax with the maximum 
deviation in salinity from background levels being similar at CAN, DLK and RCK yet 
reductions in leaf density at RCK was nearly five times greater than that of either of these sites 
(Figure 19b). It was not clear what impact the onset of flooding had on changes in leaf densities 
(Figure 19c left). However, where RCK was removed it appeared that greater reductions in leaf 
densities occurred at sites where the onset of flooding was slower reflecting a strong negative 
associated between these variables (R2=0.95) (Figure 18c right). 
This analysis shows that seagrass response cannot be predicted by the metrics that characterised 
the freshwater exposure (icum, imax). The general pattern showed that reductions in leaf density 
were higher at HTH and PPT which were more impacted by freshwater exposure than at CAN, 
DLK and LUB but much lower than RCK (Figure 19a right). With RCK removed, reductions 
in leaf density were greater with increasing maximum deviations of salinity from background 
levels (imax) though the association was not particularly strong (R2=0.43) (Figure 19b right). 
There was a strong negative association between the rate of onset of flooding (ronset) and 
reductions in leaf density (R2=0.95). The declines in leaf density were comparatively higher at 
HTH and PPT where the onset of flood was slower compared to CAN, DLK and LUB (Figure 
19c right).  
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Figure 19a. Rate of change in leaf density (m-2) in relation to freshwater exposure (icum) following the 2017 February flood at all sites (left) and 
with RCK removed (right). 
 
Figure 19b. Rate of change in leaf density (m-2) in relation to the maximum difference in salinity between 2017 and 2016 (imax ) following the 
2017 February flood at all sites (left) and with RCK removed (right). 
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Figure 19c. Rate of change in leaf density (m-2) in relation to the rate of rate of change in salinity levels/ onset of flood (ronset) following the 2017 
February flood at all sites (left) and with RCK removed (right). 
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3.4 Variation in resistance and traits of H. ovalis in transitory and enduring 
seagrass meadows 
Seagrass cover (%) and biomass (g DW m-2) 
I predicted that meadow form would influence the ecological resilience of H. ovalis meadows 
such that seagrass cover would be higher in enduring compared to transitory meadows. The 
general trends indicated this could potentially be the case (Figure 20), however the differences 
for seagrass cover were not significant between enduring or transitory meadows (F=1.88, 
p=0.329, Table 16). Significant differences were found between the sites within the enduring 
(F=7.71, p=0.001) but not the transitory meadows (Appendix 3 Table 1).  
Table 16. PERMANOVA statistical outputs from examining the influence of meadow form 
on seagrass cover, spatial (site) and the temporal (month) and differences between sites 
within enduring or transitory meadows (p=0.05) 
 
Source of variation df F-value p-value 
Month 1 1.81 0.3082 
Meadow form 1 1.88 0.329 
Site (Meadow form) 6 32.43 0.001 
MO x MF 1 0.45 0.571 
MO x Si(MF) 6 2.68 0.062 
 
Similar to seagrass cover, I predicted that biomass would be higher in enduring compared to 
transitory meadows (Figure 21) but this was not supported (F=5.48, p=0.173, Table 17). 
Similar to seagrass cover, temporal variation in biomass was not significant (F=2.44, p=0.261, 
Table 17) but variability between sites within enduring and transitory meadows was significant 
(F=16.28, p=0.001, Table 17). The differences between the sites within the enduring (F=4.39, 
p=0.001) and transitory meadows (F=2.49, p=0.015) were significant (Appendix 3 Table 2).  
Table 17. PERMANOVA statistical outputs from examining the influence of meadow form 
on seagrass biomass, spatial (site) and the temporal (month) and differences between sites 
within enduring or transitory meadows (p=0.05) 
 
Source of variation df F-value p-value 
Month 1 2.44 0.261 
Meadow form 1 5.48 0.173 
Site (Meadow form) 6 15.17 0.001 
MO x MF 1 0.65 0.513 
MO x Si(MF) 6 2.23 0.122 
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Figure 20. Seagrass cover (%) changes across enduring sites (top, HTH & PPT) and transitory 
sites (bottom, CAN & COODE) to determine the influence of meadow form on resilience in 
Halophila ovalis seagrass meadows in the Swan-Canning Estuary, Western Australia.  
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Figure 21. Variation in total biomass (g DW m-2) across enduring sites (top, HTH & PPT) and 
transitory sites (bottom, CAN & COODE) to determine the influence of meadow form on 
resilience in Halophila ovalis seagrass meadows in the Swan-Canning Estuary, Western 
Australia.  
 
 
 
 
60 
 
Fruiting density (fruit/ g DW m-2) and growth potential (apex or branch /g DW m-2) 
I predicted that fruiting, as a mechanism of recovery, would be higher in transitory compared 
to enduring meadows (Figure 22). However, temporal variation (p=0.925) in fruiting density 
and meadow form (p=0.921) were not significant factors (Table 18). There was significant 
differences in fruiting density between sites within enduring and transitory meadows (F=2.53, 
p=0.024, Table 18). The sites within enduring meadows were significantly different (F=5.27, 
p=0.001) though this was not the case for the sites within transitory meadows (Appendix 3, 
Table 3). 
Table 18. PERMANOVA statistical outputs from examining the influence of meadow form 
on fruiting density (number of fruits/g DW m-2), spatial (site) and the temporal (month) and 
differences between sites within enduring or transitory meadows (p=0.01) 
 
Source of variation df F-value p-value 
Month 1 0.002 0.817 
Meadow form 1 0.003 1 
Site (Meadow form) 6 6.90 0.002 
MO x MF 1 1.37 0.355 
MO x Si(MF) 6 7.98 0.001 
 
I predicted that apex density, as a potential mechanism of recovery, would be higher in 
transitory compared to enduring meadows (Figure 23). Similar to fruiting density, apex density 
did not vary between months (F=1.78, p=0.308) or between enduring and transitory meadows 
(F=1.81, p=0.326, Table 19). The differences between sites within enduring and transitory 
meadows were significant (F=3.25, p=0.046) (Table 19). The sites within transitory meadows 
(CAN, COODE) were significantly different (F=1.97, p=0.045) though this was not the case 
for the sites within enduring meadows (Appendix 3, Table 4). 
Table 19. PERMANOVA statistical outputs from examining the influence of meadow form 
on apex density (number of apices/g DW m-2), spatial (site) and the temporal (month) and 
differences between sites within enduring or transitory meadows (p=0.05) 
 
Source of variation df F-value p-value 
Month 1 1.78 0.308 
Meadow form 1 1.81 0.326 
Site (Meadow form) 6 3.25 0.046 
MO x MF 1 0.1 0.775 
MO x Si(MF) 6 1.90 0.169 
 
I predicted that branching density, as a mechanism of recovery, would be higher in transitory 
compared to enduring meadows (Figure 24). However, no significant differences in branching 
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density were evident between months, between enduring or transitory meadows or between 
sites within enduring and transitory meadows (Table 20). 
 
Table 20. PERMANOVA statistical outputs from examining the influence of meadow form 
on branching density (number of branches/g DW m-2), spatial (site) and the temporal (month) 
and differences between sites within enduring or transitory meadows (p=0.05) 
 
Source of variation df F-value p-value 
Month 1 2.89 0.19 
Meadow form 1 0.02 1 
Site (Meadow form) 6 2 0.144 
MO x MF 1 0.04 0.645 
MO x Si(MF) 6 1.50 0.249 
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Figure 22. Variation in fruiting in g DW m-2 across enduring sites (top, HTH & PPT) and 
transitory sites (bottom, CAN & COODE) to determine the influence of meadow form on 
resilience in H. ovalis seagrass meadows in the Swan-Canning Estuary, Western Australia.  
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Figure 23. Variation in apex density (number of apices/ g DW m-2) across enduring sites (top, 
HTH & PPT) and transitory sites (bottom, CAN & COODE) to determine the influence of 
meadow form on resilience in H. ovalis seagrass meadows in the Swan-Canning Estuary, 
Western Australia.  
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Figure 24. Variation in branching density (number of branches/g DW m-2) across enduring 
sites (top, HTH & PPT) and transitory sites (bottom, CAN & COODE) to determine the 
influence of meadow form on resilience in H. ovalis seagrass meadows in the Swan-Canning 
Estuary, Western Australia.  
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4. DISCUSSION 
 
The results of this study, conceptualised in Figure 25, provided insights into the ecological 
responses from extreme climatic events (ECEs) using the case study of the seagrass Halophila 
ovalis (R. Br) Hook f. in the Swan-Canning Estuary following anomalous flooding in February, 
2017. Unexpectedly, substantial declines in biomass and cover occurred at downstream 
meadows which experienced lower levels of freshwater exposure compared to the upstream 
meadows which were more heavily impacted by the flood (Figure 25B). This finding was 
consistent with the complex, non-linear responses previously observed in seagrass ecosystems 
following flood impacts (Maxwell 2014). Very high losses occurred at Rocky Bay (RCK), 
which is furthest downstream, and could indicate the vulnerability of this site to extreme 
climatic events which have the potential to exceed thresholds of marine ecosystems and cause 
rapid shifts away from some equilibrium state. The variation in resistance and recovery 
responses between meadows could also indicate the influence of location (upstream versus 
downstream) and the influence of water quality history on the resilience of seagrass populations 
(Maxwell 2014) (Figure 25). 
 
The non-linear response between freshwater exposure and plant response could have indicated 
that the combined effects of the flood (e.g. changes in light and nutrients) were more important 
rather than salinity on its own. In previous work which examined the interaction of salinity, 
light and temperature, light was the main factor controlling the growth of H. ovalis (Hillman 
et al. 1995). Although complete loss of meadows was not recorded in this study, mortality of 
plants occurred due to the decline in biomass and cover and leaf defoliation was recorded at 
HTH during sampling conducted in March (Figure 12). Leaf defoliation indicates a stress 
response to sudden changes in salinity as a result of greater energy requirements to maintain 
ionic balance and altered respiration rates (Touchette 2007, Fernández-Torquemada & 
Sánchez-Lizaso 2011). Sediment deposition on the leaves was also high following the flood 
(Appendix 4 Figure 2) and may have hindered internal plant aeration and contributed to 
senescence following hydrogen sulphide intrusion (Brodersen et al. 2017). Increased 
temperatures post-flood could also have contributed to higher energy demand however, 
photosynthetic rates may not have been sufficient to support this due to light deprivation 
associated with turbid waters (Preen et al. 1995, Fraser et al. 2014) and the development of a 
flood plume (Appendix 4 Figure 1). As salinity was positively correlated with the other 
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environmental conditions that changed during the flood it is a good proxy to use to relate the 
stress of summer floods to seagrass resilience.  
 
How do extreme events effect the resilience of seagrass meadows? 
 
Reductions in biomass following the flood were consistent with declines observed in high 
discharge years including the 1981 event in the Swan-Canning estuary due to associated 
salinity and light reductions (Hillman et al. 1995). The timing of meadow scale responses 
varied across sites. Declines in cover and biomass were significant one month after the flood 
at HTH and RCK indicative of the low physiological resistance H. ovalis at these sites 
(Kilminster et al. 2015b). Freshwater exposure can result in photosynthetic damage, although 
this was not measured in this study, leading to declines in cover, biomass and growth (Ralph 
1998). Changes in cover and biomass at PPT and DLK were evident only two months after the 
flood. Experimental testing would need to be done to establish whether these meadows can 
tolerate a broader salinity range and to determine which processes such as acclimation or 
adaptation, contribute to this (Fernández-Torquemada & Sánchez-Lizaso 2011). This type of 
experiment was planned for this study, but due to difficulties collecting seagrass in turbid 
winter months this was not possible. 
The effects of the flood were particularly evident at RCK where substantial declines in cover 
and biomass were observed despite less intense freshwater exposure. Interestingly, this site had 
much higher levels of total biomass on average than HTH or PPT, which should have conferred 
a greater level of resistance (O'Brien et al. 2017) but this was not the case. This could indicate 
a higher susceptibility of these meadows to this stressor as they are not adapted to cope with 
fresh water pulses (Adger 2006). Consequently, these meadows are more vulnerable to 
subsequent disturbances as they have lost many of their resilience features, which were 
maintained prior to the flood disturbance (Figure 25B). The onset of the flood was slower at 
HTH and PPT compared to RCK which may have enabled the plants to acclimate to these more 
gradual changes in salinity and more effectively resist the impacts of the flood (Fernández-
Torquemada & Sánchez-Lizaso 2011). 
The recovery of some meadows indicated that ecosystems which retain a high number of 
resilience features can recover following large scale disturbances (Unsworth et al. 2015). 
However, the lack of recovery at the majority of the sites, six months after the flood occurred 
showed that the severity of extreme events can have lasting effects on ecosystems (Campbell 
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& McKenzie 2004). Following returns in salinity to background conditions, the recovery at 
RCK was not to pre-flood levels despite seed bank densities being greater on average than at 
other sites. Higher levels of recovery were evident at HTH and PPT, which could indicate that 
these populations are more resilient to flood impacts as a result of being acclimated to frequent 
freshwater exposure (Maxwell 2014). As a result, these meadows are less vulnerable to 
subsequent disturbances as they have retained their resilience features and/ or these have 
recovered to close to pre-flood levels (Figure 25A). Naturally this system does decline in 
seagrass abundance over the winter months and recover through spring (Hillman et al. 1995). 
Therefore to accurately assess recovery rates, measurement through to summer would be 
required. This work is continuing. 
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Figure 25A. Seagrass meadows may be 
adapted to cope with large scale floods as a 
consequence of frequent freshwater 
exposure. These meadows are potentially 
less vulnerable to subsequent disturbances 
since either these meadows have been able 
to resist the impacts of the flood and retain 
many of their resilience features or these 
features have recovered to close to pre-
disturbance levels. 
Figure 25B.  Seagrass meadows that are not 
regularly exposed to freshwater may lack 
adaptations to cope with large scale flood 
events. These meadows are potentially less 
vulnerable to the subsequent disturbances 
having lost many of their resilience features 
which remain below pre-disturbance levels. 
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Until now, information regarding the recovery potential of H. ovalis meadows in the Swan-
Canning estuary based on seed bank density as well as the probability of seed germination and 
survival was not available, making it difficult to predict recovery potential following impacts 
such as a flood. Monitoring seed bank densities is critical to gauge the capacity of seagrasses 
to recover especially where complete mortality follows ECEs and seed banks can provide the 
principal mechanism of recovery (Preen et al. 1995). This is particularly important for 
colonising species with low physiological resistance such as H. ovalis, as well as meadows that 
have a transitory form (Rasheed 2004, Kilminster et al. 2015b). Seeds are one likely mechanism 
that would have facilitated recovery of the meadows particularly in April when biomass and 
cover was lowest across the majority of sites. However, H. ovalis can also recover rapidly from 
vegetative fragments via clonal growth where seagrass meadows remain reasonably connected 
following disturbances (Preen 1995), populations at sites with sufficient remaining fragments 
could potentially recover via this mechanism as well. The collection of seed bank density data 
in this study provides a baseline for future comparisons and from which a more complete 
understanding of seagrass resilience can be derived. 
Seed bank density was highly variable across sites which can lead to differences in meadow 
recovery (Rasheed et al. 2014), although variation in water quality and sediment conditions 
which influence seed germination and survival are also likely to contribute to recovery success 
(e.g. Campbell & McKenzie 2004). There were no clear patterns of decline in the seed bank 
following the flood impacts. It is possible that a more fine scale approach and intensive 
sampling would be required to detect this (Kendrick et al. 2017). The timing of seed 
germination and longevity of seeds has not been explicitly measured in the Swan River estuary 
populations however, it is proposed that germination is linked to warming temperatures 
(Statton et al. 2017) and thus would be most likely to occur in spring. The seasonal limitation 
of this study, concluding in early spring, may mean that the process of recovery by seed was 
not captured. Thus the performance of the meadows during the main growing period in austral 
summer, as described above, will likely also provide greater insights into the recovery of these 
meadows. 
The recovery at RCK in particular was not to pre-flood levels despite the presence of seeds. 
This could indicate a longer-term influence of the flood on environmental conditions including 
low salinities which inhibit germination, seedling survival and growth (Orth et al. 2000). As 
there were greater impacts of the flood on plants lower downstream at RCK compared to HTH 
and PPT, this may also translate across to seeds. For instance, seeds from downstream meadows 
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may require higher salinities and warmer temperatures to germinate. Monitoring seed bank 
densities should be an ongoing priority to ascertain the likely response of seagrasses following 
ECEs that are yet to come and which can exacerbate local disturbance e.g. the development of 
flood plumes following heavy rainfall due to poor land management practices, urban design 
and an excess of nutrients in surrounding areas (Ahmad-Kamil et al. 2013). Seed bank density 
data will also assist in determining the influence of long-term exposure to local stressors such 
as eutrophication. Research to assess the number of seeds in a seed bank is required to infer the 
likelihood of recovery as well as detailed work to determine the sample size and number of 
replicates required to detect changes that would impact resilience. This will assist with 
improving the application of this type of information for management and decision making in 
the future.  
The effects of meadow form on resilience traits 
Meadow form highlights that the capacity of enduring meadows to respond to disturbances is 
more dependent on resistance mechanisms whilst transitory meadows rely more heavily on 
recovery mechanisms (Kilminster et al. 2015b). Colonising species have the potential to form 
either meadow type and this is the case for H. ovalis in the Swan-Canning estuary. The results 
of this study did not show any evidence of significant variation in ecological resilience between 
enduring and transitory seagrass meadows. However, the testing was based on only two months 
of data which was collected prior to the occurrence of the February flood. Originally it was 
planned to sample over the main growth and reproductive period of meadows in this estuary to 
investigate the influence of meadow form on seagrass resilience which has not yet been 
established. Following the flood, sampling was discontinued to avoid introducing any 
additional influences into this portion of the study. The substantial variability between sites 
within each meadow type may also have contributed to this result. For future work, it would 
be beneficial to increase the sample size by either conducting sampling at more sites within the 
same location or in other locations that contain transitory and enduring meadows.  
Due to the timing of the flood event in February, shortly after the occurrence of peak fruiting 
and flowering (Dec-Jan), I was not able to ascertain whether differences in recovery potential 
between both meadow types at the appropriate time. If seed bank densities are greater in 
transitory meadows then following ECEs, managers would be able to predict that the recovery 
of these meadows would be associated with the return of environmental conditions that favour 
germination. Whether populations of transitory and enduring meadows express different 
growth and reproduction traits according to the type of life-cycle they follow is not clear and 
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further work is recommended to explore this idea. Understanding this will help to identify 
whether different monitoring or management approaches are required for populations of the 
same species that either persist all year round or have a more fluctuating presence.  
Quantifying extreme events 
 
The use of metrics to characterise the exposure of seagrass meadows to ECEs, in this case a 
flood event was unique in this study. Previously, this has been applied to other ECEs such as 
marine heat waves (Hobday et al. 2016). The development of metrics which characterise the 
intensity and duration of disturbances is essential from a resilience perspective, since these 
stressors determine the capacity of seagrass ecosystems to resist or recover (Folke et al. 2004, 
Macreadie et al. 2014). Given the anticipated increase in the frequency and intensity of extreme 
events, disturbance metrics also provide a means of identifying affected areas potentially 
enabling management strategies to become more targeted to areas where they are likely to have 
the most effect (Coumou & Rahmstorf 2012).  
The cumulative exposure metric developed here provides new insights into the spatial-temporal 
dynamics of freshwater exposure following extreme rainfall events and could be useful to 
assess the variability of exposure to these events in the future (Alvarez-Romero et al. 2013). 
The approach taken to develop the exposure metric confirmed that the sites closest to the Avon 
catchment (PPT, HTH), where the majority of rainfall occurred, experienced the greatest 
freshwater exposure and intensity (imax) following the floods occurrence. However, at the CAN 
site, that was most upstream in the other arm of the Swan-Canning estuary, the Canning River, 
was impacted from fresh water moving upstream from the central basin, as opposed to moving 
downstream with the rainfall events (Kilminster, personal communication). To understand 
what aspects of ECEs are most important, research could be targeted to understand how various 
characteristics such as cumulative exposure and rate of onset affect ecosystem response. 
Management implications 
Ecosystems are rarely static in the context of multiple disturbances related to human impacts, 
climate change and extreme climatic events, so information on their ‘current’ condition is no 
longer considered the best information on which to base conservation decisions. Safeguarding 
seagrass ecosystems more effectively in the future will require gathering information as per the 
recommendations of resilience frameworks to produce a management program unique to the 
particular species of seagrass(es) and the environment in which they reside. Following the 
framework developed by O'Brien et al. (2017) (Figure 23) this study investigated: disturbance 
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characteristics, meadow condition and reproductive capacity to capture seagrass degradation 
and recovery (Figure 26). The information derived identifies which meadows are less resilient 
and may require more proactive restorative actions to accelerate their natural recovery 
trajectory maximising the likelihood of their persistence. The information presented here, 
supports the development of such strategies which should aim to effectively promote the 
resilience of H. ovalis meadows in the Swan-Canning estuary. However, these types of 
recommendations are of relevance to other systems worldwide.  
 
Figure 26. The key factors (bold) which were considered to determine the resilience of H. 
ovalis meadows to an extreme climatic event in the Swan-Canning estuary. Consideration of 
other factors (faded) is recommended for future work. Figure adapted and retrieved from: 
(O'Brien et al. 2017). *Please note ‘sexual eproduction’ was incorrectly spelt in the original 
publication but should be ‘sexual reproduction’.  
The unexpected relationship between flood disturbance characteristics and meadow 
condition 
Higher total biomass at the downstream sites did not necessarily confer greater resistance to 
the flood, with greater losses recorded despite experiencing lower freshwater exposure. This 
emphasizes the need to determine which other processes contribute to resistance such as 
acclimation or lack of. The potential influence of other processes that contribute to resistance 
may not have been clear had the characteristics and intensity of the flood not been quantified. 
These results have highlighted the importance of collecting information on disturbance 
characteristics and meadow response. This type of information can help to elucidate whether 
threshold relationships are important in the response of seagrass meadows. Whilst preventing 
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the exposure of downstream meadows to salinity levels which exceed the threshold could be 
impossible, being able to identify sites where thresholds have been exceeded, enables 
restoration efforts to be targeted to reverse the effects (Connell et al. 2017). 
Reproductive capacity- the need to collect seed bank data to understand the resilience 
of colonising species 
The physiological resistance of colonising species, like H. ovalis, is limited thus promoting the 
resilience of these species will require a greater emphasis on recovery (O'Brien et al. 2017). 
Turbid waters following the flood inhibited the collection of information on vegetative growth 
which contributes to recovery, although growth potential was estimated. This was also 
supplemented by seed bank density data providing additional insights into the spatial variability 
of recovery potential across sites. More intense and frequent disturbances, a result of climate 
change, could increase the likelihood of seagrasses meadows being completely removed 
favouring the recovery of meadows which have seed banks. Sites with higher seed bank 
densities (HTH, RCK, DLK, PPT) could have a greater capacity to recover under these 
conditions whilst sites with lower densities (CAN, LUB) may not. Thus it is critical that the 
collection of seed bank density data is incorporated into monitoring to ensure the recovery 
potential via this mechanism can be captured particularly where vegetative fragments are 
removed. However, additional research to determine seed bank viability and dispersal which 
influences the connectivity amongst seagrass meadows is also necessary to support a greater 
understanding (Jarvis et al. 2015). 
Seagrass ecosystem trajectory 
Developing management actions and making predictions for the future is possible based on 
whether meadows have high or low resilience. Although total biomass did not confer greater 
resilience at RCK to the flood, this mechanism could be critical for resisting other disturbances. 
Biomass had not returned to pre-flood levels at some sites, indicating the potential vulnerability 
of these meadows to future disturbances. Ongoing monitoring at all sites during the main 
growing period in summer will likely elucidate the long-terms effects of the flood and whether 
proactive measures are required to accelerate the recovery of vulnerable meadows, like RCK, 
to promote their resilience to future events. This improves the allocation of resources to areas 
where it is likely to be more effective thus increasing the potential for greater returns in terms 
of ecological value in the estuary facilitated by the recovery of seagrasses.  
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Actions to prevent future loss 
The key priorities to mitigate the loss of H. ovalis meadows include preventing damage to or 
loss of seed banks (Rasheed 2004, Statton et al. 2017). Abrasion of seeds is possible during 
flood events which can impact seed viability and therefore recovery potential (Preen et al. 
1995). Evidence of abrasion was not investigated in this study but could be an important 
consideration for future restoration initiatives. In addition, limiting the potential of ECEs to 
exacerbate local stressors will also mitigate seagrass loss. Using water sensitive urban design 
to reduce stormwater run-off and therefore pollutant and nutrient loads entering the estuary 
following rainfall events (Walsh et al. 2012) could inhibit the occurrence of algal blooms which 
deprive seagrasses of light reducing growth rates (Kilminster & Forbes 2014). Additionally, it 
would limit the amount of sediment available for resuspension which can be detrimental to 
light quality and germination (Strydom et al. 2017) and for deposition on seagrass leaves which 
impedes internal plant aeration (Brodersen et al. 2017).  
The occurrence of ECEs cannot be avoided, however reducing local stressors in the estuary 
could also prevent the gradual erosion of the resilience features of seagrasses. Reducing 
cultural eutrophication is particularly important as this is a major driver of seagrass decline 
(Unsworth et al. 2014). Increasing eutrophication is believed to have been the major contributor 
to the degraded condition of meadows at LUB which was previously one of the best-performing 
seagrass sites in the Swan-Canning estuary (K. Kilminster 2017 Personal communication). The 
presence of seagrass is particularly patchy with as few as two to three plants observed together 
and distances between these small patches being ≤20m and dense mats of the macroalgae 
Chaetomorpha linum are frequently observed (Appendix 4 Figure 3). Reducing nutrient 
sources into this site could inhibit the occurrence of these blooms which impact seagrass 
reproduction (Kilminster & Forbes 2014).  
Undoubtedly, the flood would have added pressure on the meadows at LUB though they did 
persist albeit characterised by low levels of cover and total biomass and low seed bank densities 
(limited resistance and recovery potential). This state of low resilience increases the likelihood 
of an extreme ecological response i.e. complete loss of these meadows following future ECEs. 
The retention of these meadows is critical for the faunal communities these meadows support 
with grazing being evident on the majority of leaves collected from core samples (Appendix 4 
Figure 4). In the future, DWER will only assess cover at this site, and will not destructively 
harvest cores. Whilst these adjustments to monitoring will assist with reducing the pressure on 
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these meadows, the issue of eutrophication will need to be addressed if the restoration of these 
meadows is to be successful.  
Future work 
Originally, an aquarium experiment was planned to directly test the potential for local 
acclimation or adaptation to the stress of freshwater exposure. In this case, to compare 
responses of upstream (e.g. HTH, PPT) and downstream (e.g. RCK) populations. It is 
recommended that this testing be conducted in future work to support the inferences made from 
analysis of field data (Figure 22). Although the tolerance range of H. ovalis to salinity is known 
(~9 to 52 PSU) (Touchette 2007), this is based on a range of studies from a variety of locations 
growing under different conditions The actual tolerance range at a site is likely to be more 
restricted, and in relation to this study, potentially vary between upstream and downstream 
populations. In an experiment, the suite of resilience measures employed here would be useful 
to assess as well as growth rates and mortality from which the effects of changes in salinity can 
be detected (Fernández-Torquemada & Sánchez-Lizaso 2011).  
Furthermore, to tease apart whether the populations are acclimated to different environmental 
conditions or have adapted and have a different suit of alleles to cope with fresh water pulses 
a fine-scale study comparing physiological and genetic characteristics of upstream and 
downstream populations would be valuable. This will provide an improved understanding of 
the mechanisms that underpin acclimation to variations in salinity and the plant and meadow 
scale responses which eventuate (Ralph 1998, Touchette 2007). This detailed information 
could support the identification of less resilient meadows within the Swan-Canning estuary and 
be used to inform actions taken to prevent their potential loss, and addresses one of the 
components of resilience proposed by Unsworth et al. (2015) and O'Brien et al. (2017) that was 
not addressed in this study. 
If upstream populations are found to have genotypes that are adapted to ECEs then the potential 
for transplanting some of these individuals downstream to increase the genetic diversity, and 
potential resilience, of downstream meadows could be explored. However, this option should 
reflect consideration of the recovery of the donor meadow from unavoidable damages caused 
as a result (Kenworthy et al. 2006, Verduin et al. 2012). Genetic diversity has been shown to 
increase resilience to global warming and climatic extremes in Zostera marina L. (Reusch et 
al. 2005, Ehlers et al. 2008). However, the effects can vary with disturbance intensity with 
multispecies meadows being more resilient than monospecific meadows where the disturbance 
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is most intense and the reverse being true in the absence of disturbance (Randall Hughes & 
Stachowicz 2010). This information is urgently required given more frequent and intense 
flooding, as a consequence of climate change, will favour populations with the capacity to 
endure variable conditions (Maxwell 2014). 
Conclusions 
This study provided evidence of the temporal and spatial dynamics of freshwater exposure of 
seagrasses in the Swan-Canning Estuary following an anomalous summer rainfall event. The 
metrics provided a baseline for characterising the intensity and duration of freshwater exposure 
which can be used to compare similar events in the future. From this, a better understanding of 
seagrass resistance and recovery responses was developed, including identifying which 
populations are more resilient to conditions in the estuary that are likely to increase in 
frequency under global change. Large scale disturbances, including floods, precede multiple 
drivers of change such as light reduction and increased nutrient loads. Although salinity was 
an appropriate proxy for the other effects associated with the flood, access to data which related 
to daily changes in other water quality parameters could have made it possible to develop a 
‘multi-stressor’ exposure metric and potentially a more robust representation of the impact to 
seagrass meadows. 
The self-repairing capacity of ecosystems is not without limits. Predicting and understanding 
response to extreme events is more complex given the suite of associated effects, although this 
remains critical given the implications of these events in determining ecosystem response to 
climate change. This understanding, however, is only valuable if it is reflected in our 
management and use of the resources these ecosystems provide. Of course, the occurrence of 
large scale disturbances is beyond our control, however, the management of small, chronic 
disturbances could certainly be improved. Doing so will prevent the gradual erosion of the 
capacity of seagrasses to respond ensuring they have the highest number of resilience features 
to survive in an uncertain future and assuring the continued provision of ecosystem goods and 
services that our society and economy depend on.
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Figure 1. Relationship between water quality site data (X) and seagrass site model data (Y) to 
determine whether quality is an appropriate predictor for seagrass site data for April and May 2017 
required for exposure metric calculations.  
5. APPENDICES 
5.1 Appendix 1 
 
 
 
0
5
10
15
20
25
30
35
40
0 10 20 30 40
Sa
lin
ity
 (P
PT
/ m
od
el
)
Salinity (HEA/ water quality)
0
5
10
15
20
25
30
35
40
0 10 20 30 40
Sa
lin
ity
 (H
TH
/m
od
el
)
Salinity (HEA/ water quality)
0
5
10
15
20
25
30
35
40
0 10 20 30 40
Sa
lin
ity
 (D
LK
/ m
od
el
)
Salinity (ARM/ water quality)
0
5
10
15
20
25
30
35
40
0 10 20 30 40
Sa
lin
ity
 (L
U
B/
 m
od
el
)
Salinity (ARM/ water quality)
0
5
10
15
20
25
30
35
40
0 10 20 30 40 50
Sa
lin
ity
 (C
AN
/ m
od
el
)
Salinity (SAL/ water quality)
0
5
10
15
20
25
30
35
40
0 10 20 30 40
Sa
lin
ity
 (R
Ck
/ m
od
el
)
Salinity (BLA/ water quality)
78 
 
5.2 Appendix 2 
 
Table 1. Summary of pair-wise test outputs to determine any significant changes in seagrass 
cover % between months within each sites. Non-significant comparisons are denoted by a 
strikethrough (p=0.01) 
Site Month t p-value 
HTH DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, FEB 
JAN, MAR 
JAN, APR 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APR 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, MAY 
MAR, APR 
MAR, AUG 
MAR,SEPT 
APR, MAY 
APR, AUG 
APR, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
0.41 
0.71 
6.22 
6.75 
2.70 
5.01 
3.37 
0.41 
7.80 
7.22 
2.85 
5.89 
3.61 
7.12 
2.92 
5.60 
3.68 
3.62 
0.85 
3.40 
0.02 
0.81 
1.10 
3.40 
1.71 
0.84 
0.22 
0.79 
0.698 
0.509 
0.001 
0.001 
0.003 
0.001 
0.001 
0.725 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.457 
0.002 
0.999 
0.721 
0.327 
0.002 
0.129 
0.469 
0.962 
0.697 
PPT DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY  
DEC, AUG 
DEC, SEPT 
JAN, FEB 
JAN, MAR 
JAN, APR 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APR 
3.70 
0.73 
1.89 
4.44 
4.32 
4.35 
3.48 
2.67 
2.11 
0.48 
0.23 
0.25 
0.49 
0.83 
2.77 
0.006 
0.532 
0.088 
0.001 
0.002 
0.001 
0.006 
0.024 
0.058 
0.586 
0.761 
0.748 
0.62 
0.402 
0.029 
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FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APR, MAY 
APR, AUG 
APR, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
2.86 
2.86 
2.34 
2.10 
2.23 
2.23 
1.72 
0.29 
0.26 
0.07 
0.03 
0.31 
0.29 
0.019 
0.014 
0.028 
0.067 
0.048 
0.052 
0.106 
0.881 
0.946 
1 
1 
0.722 
0.845 
DLK DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, FEB 
JAN, MAR 
JAN, APR 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APR 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APRIL, MAY 
APRIL, AUG 
APRIL, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
0.42 
0.58 
0.29 
2.02 
1.60 
4.38 
3.42 
0.21 
0.09 
1.24 
0.71 
2.64 
2.11 
0.28 
0.83 
0.34 
1.89 
1.50 
1.32 
0.81 
2.70 
2.18 
0.80 
1.33 
0.82 
2.83 
1.99 
0.56 
0.716 
0.589 
0.781 
0.058 
0.118 
0.001 
0.001 
0.86 
0.944 
0.253 
0.493 
0.16 
0.048 
0.761 
0.429 
0.746 
0.082 
0.147 
0.221 
0.454 
0.019 
0.041 
0.449 
0.271 
0.47 
0.014 
0.067 
0.685 
CAN DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, FEB 
JAN, MAR 
1.36 
0.52 
2.23 
2.30 
0.03 
3.63 
2.56 
0.84 
0.56 
0.215 
0.673 
0.046 
0.055 
1 
0.007 
0.03 
0.501 
0.577 
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JAN, APR 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APR 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APRIL, MAY 
APRIL, AUG 
APRIL, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
0.72 
1.42 
1.69 
0.87 
1.56 
1.67 
0.551 
2.83 
1.88 
0.21 
2.36 
1.29 
0.37 
2.41 
0.99 
0.14 
3.84 
2.70 
0.88 
0.474 
0.174 
0.108 
0.403 
0.15 
0.143 
0.558 
0.021 
0.091 
1 
0.031 
0.383 
1 
0.053 
0.466 
1 
0.004 
0.012 
0.674 
RCK DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, FEB 
JAN, MAR 
JAN, APR 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APR 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APRIL, MAY 
APRIL, AUG 
APRIL, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
0.48 
4.60 
3.55 
6.27 
5.64 
4.36 
4.80 
3.13 
3.67 
6.30 
5.72 
4.47 
4.81 
7.62 
9.10 
7.82 
6.90 
9.51 
3.38 
3.25 
1.68 
0.93 
0.31 
1.39 
2.73 
1.55 
2.69 
1.01 
0.679 
0.001 
0.004 
0.001 
0.001 
0.002 
0.001 
0.011 
0.002 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.006 
0.004 
0.131 
0.423 
1 
0.236 
0.014 
0.165 
0.031 
0.437 
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Table 2. Summary of pair-wise test outputs to determine any significant changes in total 
biomass (g DW m-2) between months within each site (p=0.01). 
Site Month t p-value 
HTH DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, FEB 
JAN, MAR 
JAN, APRIL 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APRIL 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APR, MAY 
APR, AUG 
APR, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
6.87 
0.65 
4.36 
5.01 
4.58 
3.51 
2.73 
2.59 
6.93 
7.18 
6.83 
7.44 
5.88 
2.26 
3.02 
2.65 
1.13 
0.96 
1.04 
0.57 
1.73 
1.74 
0.45 
2.71 
2.68 
2.23 
2.22 
0.17 
0.009 
0.81 
0.008 
0.006 
0.008 
0.006 
0.018 
0.006 
0.004 
0.005 
0.007 
0.004 
0.02 
0.069 
0.032 
0.032 
0.324 
0.385 
0.287 
0.577 
0.098 
0.086 
0.684 
0.042 
0.025 
0.085 
0.068 
0.845 
PPT DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, FEB 
JAN, MAR 
JAN, APRIL 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APRIL 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
0.99 
0.70 
2.01 
5.93 
3.62 
4.32 
0.86 
0.61 
3.54 
7.54 
4.88 
5.48 
1.47 
5.19 
10.05 
5.74 
6.20 
1.30 
6.03 
0.316 
0.523 
0.085 
0.003 
0.017 
0.015 
0.492 
0.587 
0.018 
0.008  
0.008  
0.006 
0.185 
0.008 
0.006 
0.007 
0.008 
0.228 
0.008 
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MAR, MAY 
MAR, AUG 
MAR, SEPT 
APR, MAY 
APR, AUG 
APR, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
2.66 
3.55 
0.10 
2.03 
0.68 
2.42 
1.03 
1.30 
1.89 
0.031 
0.007 
0.937 
0.069 
0.471 
0.034 
0.408 
0.232 
0.12 
DLK DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, FEB 
JAN, MAR 
JAN, APRIL 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APRIL 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APR, MAY 
APR, AUG 
APR, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
4.94 
1.59 
0.47 
0.16 
1.89 
1.66 
1.78 
2.69 
4.80 
4.46 
5.02 
2.15 
4.88 
1.70 
1.36 
2.55 
2.39 
2.47 
0.49 
1.50 
1.16 
1.42 
1.81 
1.54 
1.72 
0.50 
0.02 
0.46 
0.008 
0.125 
0.702 
0.888 
0.118 
0.134 
0.068 
0.045 
0.15 
0.005 
0.007 
0.013 
0.01 
0.149 
0.252 
0.086 
0.03 
0.033 
0.615 
0.168 
0.282 
0.135 
0.096 
0.184 
0.112 
0.665 
1 
0.664 
LUB DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, FEB 
JAN, MAR 
JAN, APRIL 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
1.12 
1.23 
1 
3.14 
5.85 
5.02 
5.54 
0.44 
0.065 
2.58 
6.36 
4.84 
5.43 
0.296 
0.216 
0.358 
0.02 
0.011 
0.011 
0.013 
0.705 
0.938 
0.037 
0.008 
0.007 
0.01 
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FEB, MAR 
FEB, APRIL 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APR, MAY 
APR, AUG 
APR, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
0.47 
1.60 
3.26 
3.01 
3.54 
2.49 
5.62 
4.54 
5.12 
1.43 
1.38 
2.01 
0.27 
1.22 
0.78 
0.669 
0.157 
0.012 
0.007 
0.005 
0.05 
0.007 
0.004 
0.011 
0.196 
0.2 
0.078 
0.815 
0.273 
0.421 
CAN DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, FEB 
JAN, MAR 
JAN, APRIL 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APRIL 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APR, MAY 
APR, AUG 
APR, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
0.27 
0.98 
0.39 
1.46 
0.36 
1.77 
0.06 
0.84 
0.11 
2.20 
0.89 
2.55 
0.30 
0.99 
4.68 
3.45 
5.02 
1.59 
3.01 
1.45 
3.41 
0.52 
2.42 
0.55 
2.43 
2.92 
0.76 
2.85 
0.801 
0.333 
0.69 
0.257 
0.727 
0.13 
0.955 
0.444 
0.9 
0.056 
0.524 
0.018 
0.772 
0.347 
0.007 
0.035 
0.008 
0.156 
0.04 
0.189 
0.011 
0.622 
0.017 
0.527 
0.057 
0.011 
0.445 
0.029 
RCK DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
5.64 
6.52 
1.96 
3.95 
5.26 
2.13 
1.48 
0.01 
0.005 
0.05 
0.006 
0.013 
0.029 
0.188 
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JAN, FEB 
JAN, MAR 
JAN, APRIL 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APRIL 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APR, MAY 
APR, AUG 
APR, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
1.94 
4.61 
6.57 
8.34 
6.13 
5.13 
4.87 
6.17 
8.61 
6.09 
4.63 
4.63 
6.32 
3.35 
2.44 
0.34 
2.50 
2.48 
2.90 
2.76 
0.20 
0.117 
0.009 
0.013 
0.009 
0.009 
0.007 
0.013 
0.007 
0.009 
0.006 
0.011 
0.009 
0.01 
0.006 
0.008 
0.749 
0.029 
0.045 
0.03 
0.029 
0.79 
 
Table 3. Summary of pair-wise test outputs to determine any significant changes in leaf 
density (m-2) between months within each site (p=0.01). 
Site Month t p-value 
HTH DEC, MAR 
DEC, APR 
DEC, AUG 
JAN, MAR 
JAN, APR 
JAN, MAY 
JAN, AUG 
FEB, MAR 
FEB, APR 
FEB, AUG 
APR, AUG 
4.52 
6.46 
3.27 
6.24 
8.06 
3.53 
5.26 
4.35 
5.82 
3.33 
5.20 
0.011 
0.008 
0.013 
0.01 
0.009 
0.018 
0.005 
0.009 
0.005 
0.01 
0.006 
PPT DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
JAN, MAR 
JAN, APR 
JAN, MAY 
JAN, AUG 
FEB, MAR 
FEB, APR 
FEB, AUG 
FEB, SEPT 
APR, MAY 
3.17 
5.11 
7.46 
2.50 
8.22 
11.88 
3.25 
3.79 
8.18 
10.29 
3.33 
3.41 
4.15 
0.012 
0.005 
0.007 
0.057 
0.009 
0.006 
0.004 
0.008 
0.009 
0.009 
0.01 
0.009 
0.01 
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DLK DEC, JAN 
JAN, MAR 
JAN, APR 
JAN, AUG 
JAN SEPT 
4.29 
5.11 
4.60 
5.79 
4.51 
0.014 
0.011 
0.008 
0.009 
0.005 
LUB DEC, JAN 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, SEPT 
FEB, APR 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT  
APR, SEPT 
MAY, SEPT 
AUG, SEPT  
5.06 
6.51 
6.12 
7.40 
10.77 
5.49 
3.68 
3.07 
4.25 
7.01 
4.84 
4.30 
6.12 
12.17 
3.47 
5.97 
3.95 
0.011 
0.008 
0.009 
0.014 
0.015 
0.009 
0.009 
0.015 
0.007 
0.009 
0.009 
0.013 
0.012 
0.009 
0.018 
0.01 
0.004 
CAN DEC, APR 
DEC, AUG 
DEC, SEPT 
FEB, APR 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, AUG 
MAR, SEPT 
APR, MAY 
MAY, AUG 
MAY, SEPT 
3.80 
3.45 
3.51 
6.96 
4.10 
5.91 
10.43 
4.91 
3.98 
6.47 
5.20 
4.18 
8.18 
0.007 
0.015 
0.006 
0.01 
0.014 
0.006 
0.005 
0.007 
0.012 
0.004 
0.01 
0.007 
0.011 
RCK DEC, MAY 
JAN, MAR 
JAN, APRIL 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APR 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
APR, AUG 
APR, SEPT 
5.62 
8.57 
8.97 
9.22 
4.91 
3.82 
6.34 
7.63 
7.10 
3.82 
3.00 
3.59 
3.97 
3.91 
0.008 
0.01 
0.006 
0.007 
0.007 
0.006 
0.009 
0.011 
0.013 
0.007 
0.043 
0.007 
0.013 
0.006 
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Table 4. Summary of pair-wise test outputs to determine any significant changes in apex 
density (m-2) between months within each site (p=0.05). 
Site Month t p-value 
HTH DEC, JAN 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, MAR 
JAN, APR 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APR 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAY, AUG 
1.30 
4.99 
9.11 
10.79 
9.75 
7.53 
3.58 
7.31 
8.93 
6.99 
6.02 
4.58 
9.44 
11.35 
12.18 
7.45 
3.25 
4.83 
4.66 
0.27 
0.008 
0.009 
0.011 
0.014 
0.009 
0.019 
0.009 
0.009 
0.012 
0.007 
0.009 
0.007 
0.013 
0.016 
0.008 
0.027 
0.019 
0.009 
PPT DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, APR 
JAN, MAY 
JAN, AUG 
FEB, MAR 
FEB, APR 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, AUG 
APR, SEPT 
MAY, AUG 
AUG, SEPT 
5.708 
2.64 
7.20 
3.62 
4.22 
2.13 
5.20 
2.92 
6.85 
2.99 
8.83 
5.07 
3.26 
4.00 
2.90 
0.05 
3.83 
0.01 
0.007 
0.013 
0.013 
0.02 
0.008 
0.005 
0.022 
0.013 
0.011 
0.008 
0.014 
0.034 
0.015 
0.034 
1 
0.026 
DLK DEC, JAN 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, FEB 
JAN, APR 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAY 
FEB, AUG 
3.44 
3.56 
2.58 
3.08 
2.96 
4.73 
5.91 
3.82 
5.65 
3.46 
2.58 
0.01 
0.019 
0.007 
0.035 
0.008 
0.008 
0.006 
0.01 
0.012 
0.02 
0.021 
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FEB, SEPT 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APR, MAY 
APR, AUG 
2.97 
2.98 
2.51 
2.53 
2.01 
1.79 
0.035 
0.028 
0.035 
0.043 
0.083 
0.065 
LUB DEC, JAN 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, APR 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APR, AUG 
3.13 
6.96 
10.14 
5.43 
10.23 
4.83 
8.56 
4.23 
8.71 
3.85 
3.31 
3.52 
2.76 
4.27 
3.68 
3.98 
2.19 
0.025 
0.012 
0.005 
0.005 
0.012 
0.003 
0.008 
0.009 
0.008 
0.006 
0.009 
0.019 
0.012 
0.016 
0.008 
0.011 
0.032 
CAN DEC, APR 
DEC, AUG 
DEC, SEPT 
JAN, AUG 
JAN, SEPT 
FEB, APR 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, AUG 
MAR, SEPT 
APR, MAY 
MAY, AUG 
MAY, SEPT 
2.98 
3.79 
3.52 
3.12 
2.69 
2.70 
5.32 
3.32 
2.50 
5.59 
3.15 
2.31 
4.99 
2.98 
0.007 
0.011 
0.005 
0.031 
0.032 
0.009 
0.011 
0.006 
0.01 
0.006 
0.008 
0.01 
0.007 
0.009 
RCK DEC, FEB 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, APR 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, APR 
FEB, AUG 
FEB, SEPT 
MAR, APR 
3.16 
3.06 
2.80 
5.46 
4.87 
3.09 
2.81 
4.76 
4.40 
2.24 
2.67 
2.46 
2.66 
0.015 
0.008 
0.011 
0.007 
0.007 
0.009 
0.021 
0.017 
0.024 
0.017 
0.03 
0.045 
0.014 
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MAR, AUG 
MAR, SEPT 
3.87 
3.54 
0.022 
0.01 
 
Table 5. Summary of pair-wise test outputs to determine any significant changes in 
branching density (m-2) between months within each site (p=0.05). 
Site Month t p-value 
HTH DEC, MAR 
DEC, APR 
DEC, SEPT 
JAN, MAR 
MAR, MAY 
MAR, AUG 
APR, AUG 
3.04 
4.3 
2.47 
2.24 
2.38 
2.56 
2.85 
0.004 
0.009 
0.051 
0.058 
0.041 
0.029 
0.036 
PPT DEC, MAR 
DEC, APR 
DEC, SEPT 
JAN, MAR 
JAN, APR 
JAN, SEPT 
FEB, MAR 
MAR, AUG 
AUG, SEPT 
2.88 
3.34 
2.61 
2.63 
4.97 
2.33 
2.06 
2.14 
1.86 
0.02 
0.022 
0.019 
0.006 
0.009 
0.009 
0.053 
0.027 
0.051 
DLK DEC, FEB 
DEC, MAR 
DEC, AUG 
DEC, SEPT 
JAN, FEB  
JAN, MAR 
JAN, APR 
JAN, MAY 
JAN, AUG 
JAN SEPT 
FEB, APR 
FEB, MAY 
4.23 
2.49 
3.47 
4.05 
5.75 
3.95 
3.63 
3.16 
5.21 
5.45 
3.48 
2.46 
0.009 
0.039 
0.024 
0.012 
0.006 
0.01 
0.024 
0.027 
0.007 
0.009 
0.01 
0.058 
LUB DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, AUG 
JAN, SEPT 
FEB, AUG 
MAR, AUG 
MAY, AUG  
2.52 
3.81 
4.00 
2.89 
3.17 
2.09 
2.91 
3.15 
2.81 
0.058 
0.032 
0.008 
0.02 
0.028 
0.057 
0.041 
0.026 
0.032 
CAN DEC, AUG 
FEB, AUG 
MAR, MAY 
APR, MAY 
MAY, AUG 
MAY, SEPT 
2.92 
2.74 
3.00 
3.31 
3.23 
1.50 
0.037 
0.007 
0.035 
0.037 
0.008 
0.091 
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RCK DEC, JAN 
DEC, FEB 
DEC, MAY 
DEC, SEPT 
FEB, AUG 
2.79 
5.06 
3.34 
2.23 
2.31 
0.033 
0.009 
0.04 
0.027 
0.053 
 
Table 6. Summary of pair-wise test outputs to determine any significant changes in fruiting 
density (m-2) between months within each site (p=0.01). 
Site Month t p-value 
HTH DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
JAN, FEB 
JAN, MAR 
JAN, APR 
FEB, MAR 
FEB, APR, 
MAR, APR 
3.98 
4 
4 
2.44 
0.16 
0.24 
1.14 
0.40 
1.27 
0.94 
0.048 
0.049 
0.049 
0.172 
0.482 
0.486 
0.193 
0.485 
0.193 
0.2 
PPT DEC, FEB 
DEC, MAR 
JAN, FEB 
JAN, MAR 
FEB, MAR 
FEB, APR, 
MAR, APR 
1 
2.33 
1 
2.33 
1.43 
1 
2.33 
0 
0.179 
1 
0.171 
0.287 
1 
0.169 
DLK DEC, JAN 
DEC, FEB 
DEC, MAR 
JAN, FEB 
JAN, MAR 
JAN, APR 
FEB, MAR 
FEB, APR, 
MAR, APR 
1 
1.63 
3.83 
0.71 
2.27 
1 
1.30 
1.63 
3.83 
1 
0.467 
0.039 
0.461 
0.08 
1 
0.274 
0.452 
0.055 
CAN DEC, JAN 
DEC, FEB 
DEC, MAR 
JAN, FEB 
JAN, MAR 
JAN, APR 
FEB, MAR 
FEB, APR, 
MAR, APR 
1 
1 
1 
0.17 
0.22 
1 
0.05 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
RCK DEC, JAN 
DEC, FEB 
DEC, MAR 
JAN, FEB 
JAN, MAR 
1.63 
2.44 
3.92 
0.446 
1.45 
0.441 
0.171 
0.047 
0.909 
0.139 
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JAN, APR 
FEB, MAR 
FEB, APR, 
MAR, APR 
1.63 
1.05 
2.44 
3.92 
0.458 
0.218 
0.167 
0.054 
 
Table 7. Summary of pair-wise test outputs to determine any significant changes in seed 
bank density (m-2) between months within each site (p=0.01). 
Site Month t p-value 
HTH DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, FEB 
JAN, MAR 
JAN, APR 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APR 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APR, MAY 
APR, AUG 
APR, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
0.95 
0.40 
0.42 
1.01 
1.40 
1.36 
1.27 
1.10 
2.5 
0.12 
0.53 
0.58 
0.47 
2.18 
1.13 
3.68 
1.77 
1.62 
2.44 
4.39 
3.02 
2.89 
0.31 
0.43 
0.33 
0.29 
0.15 
0.10 
0.374 
0.694 
0.497 
0.354 
0.174 
0.231 
0.281 
0.329 
0.042 
0.917 
0.7 
0.514 
0.587 
0.06 
0.319 
0.008 
0.101 
0.136 
0.058 
0.01 
0.034 
0.027 
0.705 
0.639 
0.728 
0.895 
0.94 
0.947 
PPT DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, FEB 
JAN, MAR 
JAN, APR 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
0.29 
0.49 
0.53 
0.43 
0.32 
0.32 
1 
0.32 
0.37 
0.22 
0.85 
0.86 
2.45 
1 
1 
1 
0.67 
1 
1 
1 
0.74 
0.54 
0.68 
0.51 
0.56 
0.15 
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FEB, MAR 
FEB, APR 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APR, MAY 
APR, AUG 
APR, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
0.05 
0.16 
0.88 
0.89 
1.62 
0.21 
0.92 
0.93 
1.63 
0.99 
1 
2.37 
0.004 
1 
1 
1 
0.91 
0.437 
0.445 
0.456 
0.849 
0.439 
0.456 
0.435 
0.525 
0.426 
0.141 
1 
1 
1 
DLK DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, FEB 
JAN, MAR 
JAN, APR 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APR 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APR, MAY 
APR, AUG 
APR, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
0.53 
1.13 
0.36 
0.02 
0.31 
0.54 
1.02 
0.41 
0.74 
0.54 
0.31 
0.85 
1.08 
1.35 
1.17 
0.85 
1.47 
1.81 
0.41 
0.61 
0.17 
0.49 
0.31 
0.61 
1.24 
0.77 
1.20 
0.27 
0.682 
0.327 
0.813 
0.96 
0.736 
0.527 
0.407 
0.629 
0.573 
0.77 
0.834 
0.542 
0.396 
0.238 
0.259 
0.468 
0.186 
0.067 
0.725 
0.614 
1 
0.619 
0.754 
0.59 
0.228 
0.527 
0.279 
0.767 
LUB DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
1 
1 
1 
- 
1 
- 
- 
1 
1 
1 
 
1 
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JAN, FEB 
JAN, MAR 
JAN, APR 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APR 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APR, MAY 
APR, AUG 
APR, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
0.17 
0.39 
1 
0.02 
1 
1 
0.24 
1 
0.15 
1 
1 
1 
0.37 
1 
1 
1 
- 
- 
1 
1 
- 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
 
 
1 
1 
 
CAN DEC, JAN 
DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, FEB 
JAN, MAR 
JAN, APR 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APR 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APR, MAY 
APR, AUG 
APR, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
1 
1 
1 
- 
- 
- 
1 
0.104 
0.061 
1 
1 
1 
0.20 
0.16 
1 
1 
1 
9.89 
1 
1 
1 
0.26 
- 
- 
1 
- 
1 
1 
1 
1 
1 
 
 
 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
 
 
1 
 
1 
1 
RCK DEC, JAN 0.32 0.741 
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DEC, FEB 
DEC, MAR 
DEC, APR 
DEC, MAY 
DEC, AUG 
DEC, SEPT 
JAN, FEB 
JAN, MAR 
JAN, APR 
JAN, MAY 
JAN, AUG 
JAN, SEPT 
FEB, MAR 
FEB, APR 
FEB, MAY 
FEB, AUG 
FEB, SEPT 
MAR, APR 
MAR, MAY 
MAR, AUG 
MAR, SEPT 
APR, MAY 
APR, AUG 
APR, SEPT 
MAY, AUG 
MAY, SEPT 
AUG, SEPT 
2.45 
1.18 
2.16 
1.85 
2.05 
1.90 
6.95 
1.14 
5.61 
4.96 
6.71 
5.06 
2.78 
0.70 
1.60 
2.08 
1.45 
2.61 
2.43 
2.54 
2.46 
0.76 
0.64 
0.64 
0.42 
0.12 
0.24 
0.044 
0.297 
0.052 
0.077 
0.046 
0.08 
0.013 
0.296 
0.007 
0.01 
0.008 
0.006 
0.057 
0.456 
0.161 
0.104 
0.158 
0.042 
0.053 
0.044 
0.052 
0.469 
0.505 
0.596 
0.639 
0.885 
0.897 
5.3 Appendix 3 
 
Table 1. Summary of pair-wise test outputs to determine any significant changes in seagrass 
cover (%) between months, meadow form and between sites within meadow form (p=0.05).  
Within enduring meadows  
Sites t p 
HTH, PPT 7.71 0.001 
Within transitory meadows 
CAN, COODE 0.85 0.429 
 
Table 2. Summary of pair-wise test outputs to determine any significant changes in total 
biomass (/ g DW m-2) between months, meadow form and between sites within meadow 
form (p=0.05).  
Within enduring meadows  
Sites t p 
HTH, PPT 4.39 0.001 
Within transitory meadows 
CAN, COODE 2.49 0.015 
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Table 3. Summary of pair-wise test outputs to determine any significant changes in fruiting 
density (/ g DW m-2) between months, meadow form and between sites within meadow form 
(p=0.01).  
Within enduring meadows  
Sites t p 
HTH, PPT 5.27 0.001 
Within transitory meadows 
CAN, COODE 1.73 0.093 
 
Table 4. Summary of pair-wise test outputs to determine any significant changes in apex 
density (/ g DW m-2) between months, meadow form and between sites within meadow form 
(p=0.05).  
Within enduring meadows  
Sites t p 
HTH, PPT 4.39 0.001 
Within transitory meadows 
CAN, COODE 2.49 0.015 
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Figure 1. Landgate satellite image of the flood plume captured ~2 weeks after the 2017 
February flood in the Swan-Canning Estuary, Western Australia (Retrieved from 
https://twitter.com/Landgate/status/834267913003491329). 
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Figure 2. Sediment deposition on seagrass leaves retrieved from core samples collected 
following the February flood which occurred in the Swan-Canning estuary, Western Australia. 
 
 
Figure 3. Dense Chaetomorpha linum mats observed at the Lucky Bay (LUB), a seagrass site 
which is located in the main basin of the Swan river estuary and is affected by eutrophication. 
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Figure 4. Grazing evident of majority of leaves retrieved from two double cores at the Lucky 
Bay (LUB) seagrass site which is located in the main basin of the Swan river estuary, Western 
Australia.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
98 
 
6. REFERENCES 
 
Adger WN (2006) Vulnerability. Global Environmental Change 16:268-281 
Ahmad-Kamil EI, Ramli R, Jaaman SA, Bali J, Al-Obaidi JR (2013) The effects of water 
parameters on monthly seagrass percentage cover in Lawas, East Malaysia. Scientific 
World Journal 2013:1-8 
Alvarez-Romero JG, Devlin M, Teixeira da Silva E, Petus C, Ban NC, Pressey RL, Kool J, 
Roberts JJ, Cerdeira-Estrada S, Wenger AS, Brodie J (2013) A novel approach to 
model exposure of coastal-marine ecosystems to riverine flood plumes based on 
remote sensing techniques. J Environ Manage 119:194-207 
Atkins R, Rose T, Brown RS, Robb M (2001) The Microcystis cyanobacteria bloom in the 
Swan River - February 2000. Water Science and Technology 43:107-114 
Baumgartner S, Strunz S (2014) The economic value of ecosystem resilience. Ecological 
Economics 101:21-31 
Beisner BE, Haydon DT, Cuddington K (2003) Alternative stable states in ecology. Frontiers 
in Ecology and the Environment 1:376-382 
Brearley A, Hodgkin EP, Ernest Hodgkin Trust for Estuary E, Research, National Trust of A, 
University of Western Australia P (2005) Ernest Hodgkin's Swanland : estuaries and 
coastal lagoons of south-western Australia. University of Western Australia Press, 
Crawley, W.A. : 
Brodersen KE, Hammer KJ, Schrameyer V, Floytrup A, Rasheed MA, Ralph PJ, Kuhl M, 
Pedersen O (2017) Sediment Resuspension and Deposition on Seagrass Leaves 
Impedes Internal Plant Aeration and Promotes Phytotoxic H2S Intrusion. Front Plant 
Sci 8:657 
Bureau of Meterology (2017) Special Climate Statement 60- heavy rainfall and flooding in 
southwest Western Australia. Available at: 
http://www.bom.gov.au/climate/current/statements/scs60.pdf. In: Meteorology Bo 
(ed), Perth, Western Australia 
Burkholder JM, Tomasko DA, Touchette BW (2007) Seagrasses and eutrophication. Journal 
of Experimental Marine Biology and Ecology 350:46-72 
Campbell SJ, McKenzie LJ (2004) Flood related loss and recovery of intertidal seagrass 
meadows in southern Queensland, Australia. Estuarine, Coastal and Shelf Science 
60:477-490 
Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Perrings C, Venail P, Narwani A, Mace 
GM, Tilman D, Wardle DA, Kinzig AP, Daily GC, Loreau M, Grace JB, Larigauderie 
A, Srivastava DS, Naeem S (2012) Biodiversity loss and its impact on humanity. 
Nature 486:59-67 
Cardoso PG, Raffaelli D, Pardal MA (2008) The impact of extreme weather events on the 
seagrass Zostera noltii and related Hydrobia ulvae population. Marine Pollution 
Bulletin 56:483-492 
Chapin FS, 3rd, Carpenter SR, Kofinas GP, Folke C, Abel N, Clark WC, Olsson P, Smith 
DM, Walker B, Young OR, Berkes F, Biggs R, Grove JM, Naylor RL, Pinkerton E, 
Steffen W, Swanson FJ (2010) Ecosystem stewardship: sustainability strategies for a 
rapidly changing planet. Trends Ecol Evol 25:241-249 
Christianen MJ, van Belzen J, Herman PM, van Katwijk MM, Lamers LP, van Leent PJ, 
Bouma TJ (2013) Low-canopy seagrass beds still provide important coastal protection 
services. PLoS One 8:e62413 
Collier CJ, Villacorta-Rath C, van Dijk KJ, Takahashi M, Waycott M (2014) Seagrass 
proliferation precedes mortality during hypo-salinity events: a stress-induced 
morphometric response. PLoS One 9:e94014 
99 
 
Collier CJ, Waycott M (2014) Temperature extremes reduce seagrass growth and induce 
mortality. Mar Pollut Bull 83:483-490 
Connell SD, Fernandes M, Burnell OW, Doubleday ZA, Griffin KJ, Irving AD, Leung JYS, 
Owen S, Russell BD, Falkenberg LJ (2017) Testing for thresholds of ecosystem 
collapse in seagrass meadows. Conserv Biol 31:1196-1201 
Coumou D, Rahmstorf S (2012) A decade of weather extremes. Nature Climate Change 
2:491-496 
Department of Parks and Wildlife (DPaW) (2007) Potential impacts of Climate Change on 
the Swan and Canning rivers. Available at: 
https://www.dpaw.wa.gov.au/images/documents/conservation-
management/riverpark/reports/Potential%20impacts%20of%20Climate%20Change%
20on%20the%20Swan%20and%20Canning%20rivers.pdf. Perth, Western Australia 
Department of Water and Environmental Regulation (DWER) (2016) Swan Canning 
Estuarine Data Report, June 2015 to May 2016. Report prepared by the Department of 
Water and Environmental Regulation for the Department of Parks and Wildlife.  
Ehlers A, Worm B, Reusch TBH (2008) Importance of genetic diversity in eelgrass Zostera 
marina for its resilience to global warming. Marine Ecology Progress Series 355:1-7 
Fernández-Torquemada Y, Sánchez-Lizaso JL (2011) Responses of two Mediterranean 
seagrasses to experimental changes in salinity. Hydrobiologia 669:21-33 
Folke C, Carpenter S, Walker B, Scheffer M, Elmqvist T, Gunderson L, Holling CS (2004) 
Regime Shifts, Resilience, and Biodiversity in Ecosystem Management. Annual 
Review of Ecology, Evolution, and Systematics 35:557-581 
Forbes V, Kilminster K (2014) Monitoring Seagrass extent and distribution in the Swan-
canning estuary, Water Science technical series, report no. 70, Department of Water, 
Western Australia.  
Fraser MW, Kendrick GA, Statton J, Hovey RK, Zavala-Perez A, Walker DI, Lee J (2014) 
Extreme climate events lower resilience of foundation seagrass at edge of 
biogeographical range. Journal of Ecology 102:1528-1536 
Gillanders B, Elsdon R, Halliday I, Jennings G, Robins J, Valesini F (2011) Potential effects 
of climate change on Australian estuaries and fish utilising estuaries: a review. Marine 
and Freshwater Research 62:1115-1131 
González-Correa JM, Bayle JT, Sánchez-Lizaso JL, Valle C, Sánchez-Jerez P, Ruiz JM 
(2005) Recovery of deep Posidonia oceanica meadows degraded by trawling. Journal 
of Experimental Marine Biology and Ecology 320:65-76 
Hillman K, McComb AJ, Walker DI (1995) The distribution, biomass and primary 
production of the seagrass Halophila ovalis in the Swan Canning estuary, Western 
Australia. Aquatic Botany 51:1-54 
Hobday AJ, Alexander LV, Perkins SE, Smale DA, Straub SC, Oliver ECJ, Benthuysen JA, 
Burrows MT, Donat MG, Feng M, Holbrook NJ, Moore PJ, Scannell HA, Sen Gupta 
A, Wernberg T (2016) A hierarchical approach to defining marine heatwaves. 
Progress in Oceanography 141:227-238 
Hodgkin EP (1998) The future of the estuaries of south-western Australia. Journal of the 
Royal Society of Western Australia 81:225-228 
Holling CS (1973) Resilience and stability of ecological systems. Annual Review of Ecology 
and Systematics 4:1-23 
Jackson JB (2010) The future of the oceans past. Philosophical Transactions of the Royal 
Society of London Series B Biological Sciences 365:3765-3778 
Jarvis J, Bryant C, Rasheed M (2015) Port Curtis seagrass seed bank density and viability 
studies - Year 1. Report produced for Ecosystem Research and Monitoring Program 
Advisory Panel as part of Gladstone Ports Corporation’s Ecosystem Research and 
100 
 
Monitoring Program. Centre for Tropical Water & Aquatic Ecosystem Research 
(TropWATER) Publication 15/35, James Cook University, Cairns.  
Johnson M, Williams S, Lieberman C, Solbak A (2003) Changes in the Abundance of the 
Seagrasses Zostera marina L. (Eelgrass) and Ruppia maritima L. (Widgeongrass) in 
San Diego, California, Following an El Niño Event. Estuaries 26:106-115 
Kemp WM, W. R. Boynton, Adolf JE, Boesch DF, Boicourt WC, Brush G, Cornwell JC, 
Fisher TR, Glibert PM, Hagy JD, Harding LW, Houde ED, Kimmel DG, Miller WD, 
Newell RIE, Roman MR, Smith EM, Stevenson JC (2005) Eutrophication of 
Chesapeake Bay: historical trends and ecological interactions. Marine Ecology 
Progress Series 303:1-29 
Kendrick GA, Orth RJ, Statton J, Hovey R, Ruiz Montoya L, Lowe RJ, Krauss SL, Sinclair 
EA (2017) Demographic and genetic connectivity: the role and consequences of 
reproduction, dispersal and recruitment in seagrasses. Biol Rev Camb Philos Soc 
92:921-938 
Kendrick GA, Waycott M, Carruthers TJB, Cambridge ML, Hovey R, Krauss SL, Lavery PS, 
Les DH, Lowe RJ, Vidal OMi, Ooi JLS, Orth RJ, Rivers DO, Ruiz-Montoya L, 
Sinclair EA, Statton J, van Dijk JK, Verduin JJ (2012) The Central Role of Dispersal 
in the Maintenance and Persistence of Seagrass Populations. BioScience 62:56-65 
Kenworthy WJ, Wyllie-Echeverria S, Coles RG, Pergent G, Pergent-Martini C (2006) 
Seagrass Conservation Biology: An Interdisciplinary Science for Protection of the 
Seagrass Biome.  SEAGRASSES: BIOLOGY, ECOLOGY AND CONSERVATION. 
Springer Netherlands, Dordrecht 
Kilminster K, Forbes V (2014) Seagrass as an indicator of estuary condition in the Swan-
Canning estuary, Water Science Technical Series, report no. 62, Department of Water, 
Western Australia.  
Kilminster K, McMahon K, Waycott M, Kendrick GA, Scanes P, McKenzie L, O'Brien KR, 
Lyons M, Ferguson A, Maxwell P, Glasby T, Udy J (2015a) Fig. 1. Diagram showing 
dominant traits among colonising (C), opportunistic (O) and persistent (P) seagrasses, 
with respect to shoot turnover, genet persistence, time to reach sexual maturity and 
seed dormancy. The four different evolutionary lineages are indicated by the text 
colour of the genus. In: 2015 FK (ed) 
Kilminster K, McMahon K, Waycott M, Kendrick GA, Scanes P, McKenzie L, O'Brien KR, 
Lyons M, Ferguson A, Maxwell P, Glasby T, Udy J (2015b) Unravelling complexity 
in seagrass systems for management: Australia as a microcosm. Sci Total Environ 
534:97-109 
Kuo J, Kirkman H (1992) Fruits, Seeds and Germination in the Seagrass Halophila ovalis 
(Hydrocharitaceae).  Botanica Marina, Book 35 
Lee K-S, Short FT, Burdick DM (2004) Development of a nutrient pollution indicator using 
the seagrass, Zostera marina, along nutrient gradients in three New England estuaries. 
Aquatic Botany 78:197-216 
Longstaff BJ, Dennison W (1999) Seagrass survival during pulsed turbidity events: the 
effects of light deprivation on the seagrasses Halodule pinifolia and Halophila ovalis. 
Aquatic Botany 65:105-121 
Lotze HK, Lenihan HS, Bourque BJ, Bradbury RH, Cooke R, Kay MC, Kidwell S, Kirkby 
MX, Peterson CH, Jackson JB (2006) Depletion, Degradation, and Recovery Potential 
of Estuaries and Coastal Seas. Science 312:1806-1809 
Macreadie PI, Baird ME, Trevathan-Tackett SM, Larkum AW, Ralph PJ (2014) Quantifying 
and modelling the carbon sequestration capacity of seagrass meadows- a critical 
assessment. Marine Pollution Bulletin 83:430-439 
101 
 
Marion SR, Orth RJ (2008) Innovative Techniques for Large-scale Seagrass Restoration 
Using Zostera marina (eelgrass) Seeds. Restoration Ecology 18:514-526 
Maxwell P (2014) Ecological Resilience Theory: application and testing in seagrass 
meadows. PhD dissertation, Griffith University. Doctor of Philosophy, Queensland, 
Australia 
McMahon K, Collier C, Lavery PS (2013) Identifying robust bioindicators of light stress in 
seagrasses: A meta-analysis. Ecological Indicators 30:7-15 
O'Brien KR, Waycott M, Maxwell P, Kendrick GA, Udy JW, Ferguson AJP, Kilminster K, 
Scanes P, McKenzie LJ, McMahon K, Adams MP, Samper-Villarreal J, Collier C, 
Lyons M, Mumby PJ, Radke L, Christianen MJA, Dennison WC (2017) Seagrass 
ecosystem trajectory depends on the relative timescales of resistance, recovery and 
disturbance. Marine Pollution Bulletin 
Orth R, Carruthers T, Dennison W, Duarte C, Fourqrean J, Heck K, Hughes R, Kendrick GA, 
Kenworthy W, Olyarnik S, Short F, Waycott M, Williams S (2006) A Global Crisis 
for Seagrass Ecosystems. Bioscience 56:987-995 
Orth R, Harwell MC, Bailey EM, Bartholomew A, Jawad JT, Lombana AV, Moore KA, 
Rhode JM, Woods HE (2000) A review in issues in seagrass seed dormancy and 
germination: implications for conservation and restoration. Marine Ecology Progress 
Series 200:277-288 
Orth RJ, Marion SR, Granger S, Traber M (2009) Evaluation of a mechanical seed planter for 
transplanting Zostera marina (eelgrass) seeds. Aquatic Botany 90:204-208 
Preen A (1995) Impacts of dugong foraging on seagrass habitats: observational and 
experimental evidence for cultivation grazing. Marine Ecology Progress Series 
124:201-213 
Preen AR, Lee Long WJ, Coles RG (1995) Flood and cyclone related loss, and partial 
recovery, of more than 1000 km 2 of seagrass in Hervey Bay, Queensland, Australia. 
Aquatic Botany 52:3-17 
Ralph PJ (1998) Photosynthetic responses of Halophila ovalis (R. Br.) Hook. f. to osmotic 
stress. Journal of Experimental Marine Biology and Ecology 227:203-220 
Randall Hughes A, Stachowicz JJ (2010) Seagrass genotypic diversity increases disturbance 
response via complementarity and dominance. Journal of Ecology 99:445-453 
Rasheed MA (2004) Recovery and succession in a multi-species tropical seagrass meadow 
following experimental disturbance: the role of sexual and asexual reproduction. 
Journal of Experimental Marine Biology and Ecology 310:13-45 
Rasheed MA, McKenna SA, Carter AB, Coles RG (2014) Contrasting recovery of shallow 
and deep water seagrass communities following climate associated losses in tropical 
north Queensland, Australia. Mar Pollut Bull 83:491-499 
Reusch TB, Ehlers A, Hammerli A, Worm B (2005) Ecosystem recovery after climatic 
extremes enhanced by genotypic diversity. Proc Natl Acad Sci U S A 102:2826-2831 
Robblee M, Barber T, Carlson P, Durako M, Fourqurean JW, Muehlstein L, Porter D, Yarbro 
L, Zieman R, Zieman JC (1991) Mass mortality of tropical seagrass Thalassia 
testudinum in Florida Bay (USA). Marine Ecology Progress Series 71:297-299 
Rollon R, de Ruyter Van Steveninck E, Van Vierssen W, Fortes MD (1998) Contrasting 
Recolonization Strategies in Multi-Species Seagrass Meadows. Marine Pollution 
Bulletin 37:450-459 
Rosenzweig C, Iglesias A, Yang XB, Epstein PR, Chivian E (2001) Climate Change and 
Extreme Weather Events; Implications for Food Production, Plant Diseases, and 
Pests. Global Change and Human Health 2:90-104 
Royer PD, Cobb NS, Clifford MJ, Huang C-Y, Breshears DD, Adams HD, Villegas JC 
(2011) Extreme climatic event-triggered overstorey vegetation loss increases 
102 
 
understorey solar input regionally: primary and secondary ecological implications. 
Journal of Ecology 99:714-723 
Sale PF, Agardy T, Ainsworth CH, Feist BE, Bell JD, Christie P, Hoegh-Guldberg O, 
Mumby PJ, Feary DA, Saunders MI, Daw TM, Foale SJ, Levin PS, Lindeman KC, 
Lorenzen K, Pomeroy RS, Allison EH, Bradbury RH, Corrin J, Edwards AJ, Obura 
DO, Sadovy de Mitcheson YJ, Samoilys MA, Sheppard CR (2014) Transforming 
management of tropical coastal seas to cope with challenges of the 21st century. 
Marine Pollution Bulletin 85:8-23 
Seto KC, Fragkias M, Guneralp B, Reilly MK (2011) A meta-analysis of global urban land 
expansion. PLoS One 6:e23777 
Short F, Carruthers T, Dennison W, Waycott M (2007) Global seagrass distribution and 
diversity: A bioregional model. Journal of Experimental Marine Biology and Ecology 
350:3-20 
Statton J, Sellers R, Dixon KW, Kilminster K, Merritt DJ, Kendrick GA (2017) Seed 
dormancy and germination of Halophila ovalis mediated by simulated seasonal 
temperature changes. Estuarine, Coastal and Shelf Science 198:156-162 
Strydom S, McMahon K, Kendrick GA, Statton J, Lavery PS (2017) Seagrass Halophila 
ovalis is affected by light quality across different life history stages. Marine Ecology 
Progress Series 572:103-116 
Thomson CE, Rose T, Robb M (2001) Seasonal water quality patterns in the Swan River 
Estuary, 1994-1998, technical report. Swan River Trust, Western Australia.  
Touchette BW (2007) Seagrass-salinity interactions: Physiological mechanisms used by 
submersed marine angiosperms for a life at sea. Journal of Experimental Marine 
Biology and Ecology 350:194-215 
Unsworth RK, Collier CJ, Waycott M, McKenzie LJ, Cullen-Unsworth LC (2015) A 
framework for the resilience of seagrass ecosystems. Marine Pollution Bulletin 
100:34-46 
Unsworth RK, van Keulen M, Coles RG (2014) Seagrass meadows in a globally changing 
environment. Mar Pollut Bull 83:383-386 
Verduin JJ, Paling EI, van Keulen M, Rivers LE (2012) Recovery of Donor Meadows of 
Posidonia sinuosa and Posidonia australis contributes to Sustainable Seagrass 
Transplantation. International Journal of Ecology 2012:1-5 
Viaroli P, Bartoli M, Giordani G, Naldi M, Orfanidis S, Zaldivar JM (2008) Community 
shifts, alternative stable states, biogeochemical controls and feedbacks in eutrophic 
coastal lagoons: a brief overview. Aquatic Conservation: Marine and Freshwater 
Ecosystems 18:S105-S117 
Vorosmarty CJ, McIntyre PB, Gessner MO, Dudgeon D, Prusevich A, Green P, Glidden S, 
Bunn SE, Sullivan CA, Liermann CR, Davies PM (2010) Global threats to human 
water security and river biodiversity. Nature 467:555-561 
Walsh C, Fletcher T, Burns M (2012) Urban stormwater runoff: a new class of environmental 
flow problem. PLoS One 7:e45814 
Waycott M, Duarte CM, Carruthers TJ, Orth RJ, Dennison WC, Olyarnik S, Calladine A, 
Fourqurean JW, Heck KL, Jr., Hughes AR, Kendrick GA, Kenworthy WJ, Short FT, 
Williams SL (2009) Accelerating loss of seagrasses across the globe threatens coastal 
ecosystems. Proc Natl Acad Sci U S A 106:12377-12381 
Western Australian Marine Science Institute (WAMSI) (2009) Swan-Canning water quality 
improvement plan prepared for the Swan-River Trust. Available at: 
http://www.wamsi.org.au/sites/wamsi.org.au/files/swan-canning-water-quality-
improvement-plan.pdf. Western Australian Marine Science Institute (WAMSI),, Perth 
103 
 
Wetz MS, Yoskowitz DW (2013) An 'extreme' future for estuaries? Effects of extreme 
climatic events on estuarine water quality and ecology. Mar Pollut Bull 69:7-18 
Yaakub SM, Chen E, Bouma TJ, Erftemeijer PL, Todd PA (2014) Chronic light reduction 
reduces overall resilience to additional shading stress in the seagrass Halophila ovalis. 
Marine Pollution Bulletin 83:467-474 
 
 
 
 
 
 
 
 
 
 
 
